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ABSTRACT OF DISSERTATION 
 
 
 
 
REMOVAL OF ARSENIC(III) FROM WATER WITH A NEW SOLID-SUPPORTED 
THIOL 
 
 
Arsenic is a highly toxic, easily transportable and widespread contaminant in 
groundwater throughout the world. Arsenic causes acute toxicity by disrupting biological 
functions. In groundwater arsenic concentrations can reach up to a few milligrams per 
liter. Current regulations on arsenic content in drinking water are becoming more 
stringent and require the standard to be reduced to a few parts per billion. Arsenic exists 
as oxyanions in aqueous solution in either trivalent or pentavalent oxidation states 
depending on the oxidation-reduction potential and pH of the medium. Several treatment 
methods are available for removing arsenic from water. However, cost, operational 
complexity of the technology, skill required to operate the technology and disposal of 
arsenic bearing residual are factors that should be considered before the selection of any 
treatment method. Most of these techniques are also effective only in removing As(V) 
and not As(III). N,N’-bis(2-mercaptoethyl)isophthalamide), abbreviated BDTH2, is 
known to effectively precipitate soft heavy metals from water. A solid-supported reagent 
with the metal capture ability of BDTH2 would be ideal to use as a filtration column 
packing material for removal of aqueous As(III). In order to attain this objective, a new 
dithiol compound, 2,2'-(isophthaloylbis(azanediyl))bis(3-mercaptopropanoic acid) 
(abbreviated ABDTH2) has been synthesized and immobilized on silica beads. Silica-
supported reagent ABDTH2 (SiABDTH2) thus prepared, completely removed As(III) 
from water by forming As-S bonds. In batch study, SiABDTH2 reduced the concentration 
of As(III) in aqueous solutions from 200 ppb to below 5 ppb at pH 5, 7 and 9. XAFS 
study of ABDT-As(III) and SiABDT-As(III) indicated that arsenic was present in +3 
oxidation state as well as As(III) was only bonded to sulfur atom of ABDT unit. When 
SiABDTH2 was used as filtration column material, only 3% of ABDTH2 was leached out 
from the column. However, 100% As(III) was removed from 20 L of 200 ppb As(III) 
aqueous solution at a flow rate of 20 mL/min. 
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CHAPTER 1 
Introduction 
 
1.1. Fundamental Chemistry 
Arsenic, a group 15 metalloid element, is the 20th most abundant element in the 
Earth’s crust. It is most commonly found as sulfide ores. Arsenic is present in various 
allotropes. It is found in elemental form as metallic grey and yellow arsenic with specific 
gravities of 5.73 and 1.97 g/cm3, respectively.1,2 The element is very brittle, crystalline 
and a semimetallic solid. When heated in the presence of oxygen it forms arsenic oxide 
(As2O3). The 1st, 2nd and 3rd ionization energy of arsenic are 947 kJ/mol, 1798 kJ/mol 
and 2735 kJ/mol, and ionization energy increases with the increase in positive charges 
(Table 1.1). The higher ionization energy is attributed to the relatively high effective 
nuclear charge (Zeff) of As. The electrons in arsenic 3d orbital provide less screening of 
nuclear charge due to their directionality and diffuse nature. This rationalizes the 
relatively high fourth and fifth ionization energy of arsenic. The electron affinity of 
arsenic is 78 kJ/mol. This suggests that arsenic can be present in an anionic oxidation 
state in various compounds. Arsenic is a 4th row element in the periodic table. According 
to the hard soft acid base (HSAB) principle, hard acids prefer to bind with hard bases, 
while soft bases form covalent bonds to soft acids. Both thiol and arsenic are soft 
species.3,4 As a result arsenic forms strong covalent bonds with sulfur. The atomic and 
covalent radii of arsenic are 125 and 121 pm, respectively, which are very similar to the 
corresponding radii of sulfur.5,6  
 
 
2 
 
Table 1.1. Selected fundamental properties of arsenic5 
Parameter Arsenic 
Atomic Number 33 
Atomic Mass (g/mol) 74.92 
Ionization Energies (kJ/ mol) 
    As 
    As+ 
    As2+ 
    As3+ 
    As4+ 
 
947 
1798 
2735 
4837 
6043 
Electron Affinity (kJ/mol) 78 
Radius 
    Atomic (pm) 
    Covalent (pm) 
    As(III) (pm) 
    As(V) (pm) 
    Van der Waals (pm) 
 
125 
121 
58 
46 
200 
Common Oxidation States As(III), As(V) 
 
 
 The chemistry of arsenic-containing compounds is closely related to the structure 
and the nature of bonding within the molecules. Arsenic adopts wide varieties of 
coordination numbers and geometries depending on the substituents. The common 
mineral forms of arsenic (realgar and orpiment) show molecular cage structures, shown 
in Figure 1.1, whereas arsenic trioxide adopts cubic structures.7,8 
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Figure 1.1. Structures of orpiment and realgar clusters 
Arsenic forms stable covalent bonds with most elements, which leads to the high 
bond dissociation energy of these bonds. Table 1.2 shows experimentally determined 
bond energies of common arsenic-containing bonds.9 Due to the strong bond energy of 
As-S, arsenic is commonly deposited with the sulfide-bearing ores. Arsenic occurs 
naturally in the environment with 4 valence states of -3, 0, +3, and +5 and when 
dissolved in water, it usually binds with oxygen to form arsenite and arsenate species.10 
The common arsenic compounds are shown in Figure 1.2.11 
 
Table 1.2. Bond energies of selected arsenic bonds 
Bonds Energy (kJ/mol) 
As-H 274.0 ± 2.9 
As-O 484 ± 8 
As-N 489 ± 2.1 
As-S 379.5 ± 6.3 
As-Cl 448 
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Figure 1.2. Structure of common arsenic compounds 
 
Arsenic is widely distributed throughout  nature with varying concentrations with 
as low as 0.1 ppb in Lake Superior to as high as 2,76,000 ppb in the Waiotapu Valley 
Rivers of New Zealand.12 The concentration of arsenic in fresh water is highly 
dependent on the geothermal activity and the geological composition of the drainage 
area. The active volcanic activity including mud volcanoes, geysers, hot springs in the 
Taupo Volcanic Zone (TVZ) is the source of high concentrations of arsenic in Waiotapu 
Valley Rivers.13 
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 Arsenic is a well known carcinogen that raises much concern from both 
environmental and human health standpoints mentioned in the Environmental Protection 
Agency (EPA) and the World Health Organization (WHO) list. Prolonged exposure of 
arsenic through drinking water causes diseases like skin pigmentation, keratoes and skin 
cancers. It enters into groundwater systems from both natural sources and/or agricultural 
and industrial practices. The presence of arsenic in groundwater is due to the geological 
composition of soils and rocks. It is introduced to groundwater through the dissolution of 
minerals. Arsenic in drinking water is a global problem affecting many countries 
distributed over the entire world. Arsenic is present in the environment in various forms 
such as arsenious acids (H3AsO3, [H2AsO3]-, and [HAsO3]2−), arsenic acids (H3AsO4, 
[H2AsO4]−, and [HAsO4]2−), arsenites, arsenates, methylarsenic acid, dimethylarsenic 
acid, arsine with +3 and +5 being the prominent oxidation states.11  
Various techniques are available for arsenic removal from drinking water. Among 
these techniques, enhanced coagulation, lime softening, reverse osmosis, nano filtration, 
in-situ sub-surface arsenic removal, adsorption by activated alumina, ion exchange, and 
adsorption by iron oxide coated sand and granular ferric hydroxide have been widely 
used to obtain arsenic free water. The choice of an appropriate arsenic removal 
technique depends on the removal effectiveness, efficiency, cost, suitability for central 
and point of use, and simplicity of techniques.11,14 
 
1.2. History 
The name arsenic is derived from the Persian word az-zarnikh, meaning yellow 
orpiment pigment, which was borrowed from the Syriac word zamiqa. The ancient 
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Greeks referred to it as arrenikos or arsenikos which means ‘potent’. This was further 
evolved to arsenicum in Latin and ultimately to arsenic in French. In ancient times 
arsenic sulfides (orpiment and realgar) and oxides had been used in Persia and many 
other places. During the Bronze Age, arsenic was often mixed with the bronze to make 
the alloy harder. It is believed that Albertus Magnus was the first person to isolate 
arsenic in 1250 AD by heating soap with arsenic trisulfide. For centuries, arsenic 
compounds have been utilized as pigments, medicines, alloys, pesticides, herbicides, 
glassware etc. Due to its toxic properties, arsenic was frequently used by ruling class 
people to commit murder. It has also been used as chemical warfare agents during 
war.15,16     
 
1.3. Aqueous Speciation 
  Knowledge of arsenic sources and processes that are controlling arsenic mobility 
is required to understand the factors controlling the distribution of arsenic in ground 
water. Speciation and mobility of arsenic are controlled by pH, oxidation-reduction 
potential, adsorption/ desorption, precipitation/dissolution, the concentration of 
competing ions and biological transformation. Arsenic concentration in groundwater is 
reaching an alarming rate in many parts of the world, mainly in Argentina, Bangladesh, 
Cambodia, Chile, Ghana, Hungary, India (West Bengal, Ganges Delta Basin), Mexico, 
Philippines, Taiwan and parts of the United States. The average arsenic concentration 
ranges between 0.1 – 80 ppb, though it can reach as high as 2500 ppb in places like 
Taiwanese wells due to close contact of groundwater with arsenic-bearing rocks. Arsenic 
is generally found in very shallow aquifers between 30–70 meters. Over the last two 
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decades in West Bengal, India and Bangladesh, tube well water has been used as an 
alternative source of safe, microbiologically free drinking water to reduce the water-
borne pathogens related to infant mortality rates.10 As a result 4 million tube wells were 
installed throughout Bangladesh over the period of several decades. However this vast 
region contains arsenopyrite minerals in the sediments. Uncontrolled pumping of 
groundwater from aquifers for drinking water and irrigation caused the lowering of water 
table to arsenic containing sulfide rock. This results in rapid diffusion of oxygen within 
the pore spaces of the sediments and increased levels of dissolved oxygen in the upper 
part of groundwater. Arsenopyrite is not soluble in water, but it decomposes to ferrous 
sulfate and ferric sulfate when exposed to oxygen or aerated groundwater. This leads to 
the dissolution of arsenopyrite, thus arsenic is released in groundwater causing the largest 
mass poisoning in history by nature.10 
Along with inorganic arsenic, organic arsenic is also present in groundwater. 
Methylarsonous acid and dimethylarsinous acid have been found in lake and shallow 
water along with other organic arsenic species such as methylarsonate, dimethylarsinate 
and tetramethylarsonium ion in trace amounts. Other arsenic species that are found in 
fungi are arsenobetaine and arsenocholine.12 In nature, fungi can methylate arsenic 
through a series of reaction that involves reductions, methylation and adenosylation.17,18 
 In sediment and soil, the common arsenic species are arsenite [As(III)], arsenate 
[As(V)], methyl arsonate and dimethylarsinate. The average arsenic content of soil is 5-6 
ppm but ranges from 0.2 - 40 ppm.10 Under aerobic conditions arsenate [As(V)] is the 
predominate form over the arsenite [As(III)] which is predominate oxidation state in 
anaerobic condition.12,19-21 Adsorption affinity and mobility of arsenic in the environment 
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is strongly dependent on the formation of complexes with metal oxide, pH and redox 
potential of sediment and soil.21-25 
 
1.3.1 Eh-pH 
Both the redox potentials and pH have an effect on the speciation and solubility of 
arsenic in groundwater.  When the redox potential of soil reaches into the range of 200 - 
500 mV, As(V) is  the  major dissolved species, contributing more than 95% of total 
arsenic. Whereas at a lower redox potential of 0 and -200 mV, As(III) is the predominant 
species.18 
The redox potentials (Eh) and pH (Scheme 1.1)26 have a strong influence on 
arsenic speciation, change in oxidation state of arsenic, and its solubility in water.  In 
groundwater, different types of redox reactions can happen such as aerobic degradation, 
denitrification, ferric iron reduction and sulfate reduction. 
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Scheme 1.1. Eh-pH diagram of inorganic As(III) and As(V) species26 
 
1.3.2. Speciation 
Arsenic is soluble in water under highly acidic conditions (pH < 2.0), but it can 
also be soluble in other pH ranges (2–11) under suitable chemical and physical 
conditions.27 As a predominant species in aerobic conditions, arsenate can exist as arsenic 
acid in groundwater. Depending on the pH of water and soil it can exist in various 
charged forms such as [H2AsO4]-, [HAsO4]2- and AsO43-. Though, [H2AsO4]- and 
[HAsO4]2- are the dominant forms in the pH range of 2.2 - 6.5. The pKa values of arsenic 
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acid are 2.20, 6.97 and 11.53 according to the following equilibrium relationship 
(Scheme 1.2), which is very similar to the pKa of phosphoric acid leading to the 
competition between arsenate and phosphate for the sorption site in soil such as 
aluminum, manganese, iron (oxy)hydroxide and clay.20,21,28-34 [H2AsO4]- is the dominant 
species at pH less than 6.9 under oxidizing conditions, whereas [HAsO4]2- is the 
dominant species at higher pH under similar conditions. In extremely acidic and basic 
conditions, H3AsO4 and AsO43- are present in aqueous media due to protonation and 
deprotonation of oxyaninon which is evident from the low and high pKa values of 
H3AsO4 and [HAsO4]2-. The redox potential (E0) for converting As(III) to As(V) is 
+0.56V according to the equation 1.35 The oxidation of As(III) to As(V) is very slow. It 
takes days for the process. In presence of air, oxidation happens in four to nine days. 
While in presence of pure oxygen, oxidation occurs in two to five days.  
  
H3AsO4  +  2H+  +  2e- H3AsO3  + H2O             (1)  
 
H3AsO4 H2AsO4
-  +  H+ pKa1  =  2.20
H2AsO4- HAsO4
2-  +  H+ pKa1  =  6.97
HAsO42- AsO4
3-  +  H+ pKa1  =  11.53  
Scheme 1.2. pKa values of arsenic acid 
 
The other predominant oxidation state of arsenic is +3, which is referred to as 
arsenite and is favorable in anaerobic conditions. Arsenite is present in groundwater as 
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arsenous acid (H3AsO3) with pKa values of 9.22, 12.13 and 13.40 (Scheme 1.3).12,17,20 
Arsenious acid (H3AsO3) is the predominant species present at low pH (<9.2) under 
mildly reducing conditions, whereas [HAsO3]2- is present at a high alkaline pH (>12).  
 
H3AsO3 H2AsO3
-  +  H+ pKa1  =  9.22
H2AsO3- HAsO3
2-  +  H+ pKa1  =  12.13
HAsO32- AsO3
3-  +  H+ pKa1  =  13.40  
Scheme 1.3. pKa values of arsenious acid 
 
1.3.3. Mobility 
The charge differences between arsenite and arsenate, pH of soil, sediment and 
groundwater and surface charges on soil components are responsible for mobility and 
biological uptake of arsenite and arsenate species. The strength of adsorption and 
desorption reactions between different arsenic species and surfaces of soil and sediments 
is largely dependent on the charge of the arsenic species, as it controls the electrostatic 
interactions between charged species and surfaces. Arsenate and arsenite are adsorbed to 
surfaces of aluminum oxides, iron oxides and clay materials. However, adsorption on 
iron oxides surfaces is important as iron oxides are widely distributed in the 
hydrogeologic environment. The binding and uptake of As(V) by amorphous, highly 
hydrated iron oxides is greater than As(III).30,36 As(III) is preferably adsorbed on 
negatively charged surfaces at pH 7, whereas As(V) is likely to be adsorbed on positively 
charged surfaces at pH 4 to near-neutral pH.30,37 However, arsenate is desorbed from iron 
oxide surfaces when pH is increased to alkaline conditions. The pH dependent adsorption 
12 
 
and desorption of arsenate to iron oxide surfaces is closely related to the net surface 
charge on iron oxide surfaces. As pH increases above the zero-point-of-charge of about 
7.7 for crystalline iron oxide and 8.0 for amorphous iron oxide, the net surface charge 
changes from positive to negative. This results in repulsion between negative net surface 
charge on iron oxide surfaces and negatively charged ionic species of arsenate which 
leads to the desorption of arsenate species at higher pH. The adsorption of arsenate and 
arsenite to iron oxide surfaces decreases with increase in pH, mainly in the range of pH 6 
to pH 9. This pH dependence can affect the adsorption and desorption behavior of 
arsenate and arsenite with change in pH of groundwater. Also solid-phase diagenesis 
(water-rock interaction) tends to consume H+ from groundwater with residence time 
resulting in increase in pH of groundwater and along the groundwater flow paths. This 
leads to increased mobility of arsenic in groundwater as arsenic mobility is directly 
affected by the change in pH of soil and sediment. In aerated environments, a decrease in 
pH has a direct effect in mineral dissolution and affinity of protons towards binding site, 
whereas an increase in surface potential leads to increased arsenic mobility. Similarly 
increased pH destabilizes the metal oxide complexes promoting arsenic mobility. 
Reductive dissolution of arsenic containing minerals can also increase arsenic 
contamination in environments.25,30,37 
The adsorption of arsenate on iron oxide in soil and sediments is highly affected 
by the presence of phosphate anion. Arsenate and phosphate anions are chemically 
analogus. They have similar geochemical behavior leading to a competition between 
arsenate and phosphate for sorption sites. In comparison to arsenate, phosphate anion has 
smaller size compared to arsenate, which results in strong bonding between mineral 
13 
 
surfaces and phosphate anion. As a result, desorption of arsenate is elevated due to 
increased phosphate in soil and sediments.38,39  
Precipitation and dissolution also play a major role in arsenic contamination of 
groundwater. Due to the strong affinity of arsenic towards iron oxide and hydrous ferric 
oxide (HFO), the fate of iron oxide and HFO in precipitation and dissolution processes in 
sediments controls the mobility of arsenic in groundwater. Ferrous iron contents are 
commonly present in anoxic groundwater. When iron is oxidized, it is precipitated as iron 
oxide and HFO along with arsenic as arsenate and arsenite, which are co-precipitated or 
adsorbed onto the iron oxide and HFO surfaces. In alkaline and reducing condition, iron 
oxide and HFO release arsenate and arsenite in groundwater.38,40,41 
 
1.4. Natural Sources 
1.4.1. Mineralogy 
Arsenic is found in approximately 300 minerals.27,42,43 It is mainly associated with 
the ores of Au, Ag, Cu, and Fe. The major arsenic ores present in the environment are 
realgar (As4S4), orpiment (As2S3), arsenopyrite (FeAsS), tennantite (Cu12As4S13) and 
loellingite (FeAs2) contributing to arsenic contamination through erosion of the earth’s 
crust.42,44 The other minerals, which contain arsenic to some extent, are arsenolite, As2O3; 
olivenite, Cu2OHAsO4; dimorphite, As4S3; cobaltite, CoAsS; enargite, Cu3AsS4; and 
proustite, Ag3AsS3.44 Arsenic is mainly found in sulfide ores. Arsenic forms strong 
covalent bonds with sulfur in sulfide minerals. The bond energy of the covalent bond 
between arsenic and sulfur is 379.5 ± 6.3 kJ/mol. The arrangements of bonds in sulfide 
minerals are found to contain As-S and As-As dimeric units that creates a common 
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structural basis. In many arsenide and arseno-sulfide minerals arsenic has a valence state 
of -1 or 0 similar to sulfur in sulfide minerals. Due to its strong association with various 
ores such as Ag3AsS3, Cu3AsS4 and FeAsS, arsenic was often used as a pathfinder 
element in the past in order to find out the presence of significant deposits of Ag, Cu and 
Fe ores.10  
Arsenic present in most of the arsenic bearing ores is immobile in the 
environment. The mobility of arsenic in the environment depends on the solubility of 
arsenic containing minerals in groundwater. Solubility of minerals is defined by the 
solubility product constant (Ksp). Ksp describes the dissociation of a solid in water. Most 
of the arsenic bearing minerals have very low solubility product constant in room 
temperature suggesting the insolubility of those minerals at ambient temperature. The Ksp 
of amorphous As2S3 is 1.25 x 10-8, whereas the Ksp of crystalline As2S3 varies in the range 
of 5.01 x 10-26 to 5.01 x 10-47.45 The Ksp of other arsenic bearing minerals are shown in 
Table 1.3.  
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Table 1.3. The Ksp of arsenic containing minerals at ambient temperature (23-25OC) 
Arsenic Compounds Ksp 
Ag3AsO4 1.00 x 10-22 to 3.98 x 10-24 
Ba3(AsO4)2 2.69 x 10-22 to 2.95 x 10-24 
Ca3(AsO4)2..3H2O 7.24 x 10-22 
Ca5H2(AsO4)4.9H2O 3.22 x 10-33 
Cd3(AsO4)2 1.99 x 10-33 to 5.01 x 10-34 
FeAsO4.2H2O 3.89 x 10-25 to 1.47 x 10-26 
Cu3(AsO4)2 2.51 x 10-36 
 
 
The widespread presence of scorodite in arsenic –bearing ore deposits suggests that the 
solubility of scorodite could control the concentration of arsenic in groundwater. 
Scorodite (FeAsO4.2H2O) is deposited as a weathering mineral of FeAsS according to the 
equation 2.  
 
FeAsS + 14Fe3+ + 10H2O            14Fe2+ + SO42- + FeAsO4.2H2O + 16H+      (2)  
 
The insolubility of scorodite is related to its very small Ksp value at 23oC (Table 1.3). It is 
stable under oxidizing conditions below pH 3.46 Blasting and tunneling of rocks during 
mining exposes the rock to an oxidizing environment through cracking and fracturing 
leading to an oxidative conversion of minerals that produces water soluble arsenic 
species. Metal-reducing bacteria also releases arsenic into the groundwater.10,47 It is 
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estimated that an average of 6 mg As/kg is present on the earth’s crust.42,48 Coal is 
another source of arsenic in the environment which contains as much as 1.5 g As/kg with 
an average arsenic concentration of 13 mg As/kg.42 Volcanic eruption emits 17,150 t of 
arsenic in the atmosphere, whereas burning of wood in forest fire provides 125 to 3,345 t 
of arsenic in the environment.42,49,50   
Arsenic is often deposited in the form of secondary arsenic minerals. Secondary 
arsenic minerals are those which arise by hydrothermal alteration or weathering of 
primary minerals. Secondary arsenic minerals are found as deposits near hot springs in 
the form of orpiment (As2S3) and realgar (As4S4). In hot spring water, arsenic 
concentration ranges from 0.1 to 0.3 mg Kg-1 which is deposited in reducing condition. In 
most of the hydrothermal fluids, H3AsO3 is the dominant species in reducing conditions 
and in the pH range of 0 to 8. However, concentration and composition of arsenic species 
in any hydrothermal fluid depend on redox conditions, the pH of solutions and 
temperature. Under anoxic conditions, As2S3 is mainly involved in dissolution and 
precipitation/coprecipitation reactions according to the reaction shown below (Equation 
3). Realgar, arsenopyrite (FeAsS) and arsenianpyrite (FeS2) are also involved in the 
hydrothermal reactions conditions. As2S3 is dissolved in water under reducing conditions 
and low H2S concentration at temperatures up to 300OC. However the reverse reaction 
and precipitation of As2S3 occurs when the concentration of sulfide increases in 
hydrothermal water.51-53 
 
As2S3   +   6H2O                  2H3AsO3   +   3H2S                 (3)  
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1.4.2. Weathering 
  The weathering of arsenic containing minerals has significant role in the arsenic 
contamination of groundwater, soil and sediments. The major source of arsenic 
contamination of aquifer matrix is via deposition of eroded arsenic containing minerals 
followed by the oxidation of arsenic containing pyrites that releases dissolved arsenic 
into groundwater.54 Arsenic is present in high concentration in areas containing organic 
matter-rich sediments.55 Iron hydroxide, arsenic and organic matters often coexist due to 
the high affinity of iron hydroxide towards both arsenic and organic matter.56 In 
sediment, arsenic species in the form of arsenate (As(III)) and arsenite (As(V)) are 
strongly adsorbed on iron oxide and hydroxide in oxic conditions in nature and released 
to the groundwater system in an anoxic environment.57-61 The adsorption of arsenic 
species on iron hydroxide happens through a anion adsorption process. In oxic 
conditions, the adsorption happens either by proton uptake or release of hydroxide 
anions.62 The mobilization of arsenic occurs through bacteria-mediated reductive 
dissolution of iron hydroxide in anoxic environment of sediment.63,64 Oxidation of 
arsenic rich pyrite also contributes to the arsenic contamination of groundwater.56 Due to 
a strong affinity of arsenic towards sulfur, arsenic is deposited and incorporated with 
iron and sulfur in minerals of pyrite (FeS2) and arsenopyrite (FeAsS). Oxidative 
weathering of pyrite and arsenopyrite releases arsenic into sediment and groundwater 
which increases the concentration of arsenic according to the following reaction 
(Equation 4).10,65 
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4FeAsS(s) + 14O2 + 16H2O 4H3AsO4(aq) + 4Fe(OH)3(s) + 8H+ + 4SO42-    (4)  
 
Arsenic preferably exists as inorganic oxide in two predominant oxidation states 
of arsenite (NaAsO2, As(III)) and arsenate (Na2HAsO4, As(V)). However in water, 
arsenic is present as arsenic (H3AsO4) and arsenous (H3AsO3) acid, respectively 
depending on the pH and oxic nature. [H2AsO4]− is also the preferable arsenic species in 
the pH range of 2.24-6.96.43,65  
 
1.5. Anthropogenic Sources 
The use of arsenic has varied widely. Arsenic containing compounds are highly 
consumed in agricultural as herbicides and pesticides. Arsenic is also used to some lesser 
extent as wood preservatives, and in glass, alloys and electronics. The common 
oxidation states of arsenic are +III as in As2O3 and +V as in As2O5. The trioxide has 
moderate solubility in water but it dissolves easily in alkali to produce a solution of 
arsenite. In the past, arsenic trioxide has been used to treat leukemia and other forms of 
cancer. It was also used as an ingredient in hide tanning and as a pigment in paints and 
dyes. As a result, arsenic became one of the first recognized occupational hazards 
chemical. Arsenic has also been used in chemical warfare. Arsenic in the form of 
cacodylic acid (dimethyl arsenic acid) was used as a herbicide in the Vietnam War. 
Diphenylchloroarsine, diphenylcyanoarsine and phenyldichloroarsine were used in 
World War I as chemical warfare agents. These uses introduced a large cumulative 
quantity of anthropogenic derived arsenic causing a potentially hazardous 
environment.42,66 
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Arsenic compounds have been used as pesticides, herbicides and wood 
preservatives. These compounds are the major sources of anthropogenic arsenic 
contamination in soil, sediments and groundwater. Chromated copper arsenate (CCA) is 
a very well known arsenic contaminant which has been used as wood preservative. CCA 
is a mixture of chromium and copper(II) arsenate which protects wood from humidity, 
mold, bacteria and insects. The most common formulation of CCA, type C, is comprised 
of 47.5% CrO3, 18.5% CuO and 34% As2O5.67 Copper acetoarsenite pigment, commonly 
known as Paris green (CH3COO)2Cu.3Cu(AsO2), is an arsenic compound, which has 
long been used in agriculture as a pesticide. Lead arsenate (PbHAsO4) is another 
extensively used arsenic-based insecticide. It was first used as an insecticide in 1892 for 
use against gypsy moths invading hardwood forests in Massachusetts. Lead arsenate was 
prepared by combining soluble lead salts with sodium arsenate.68 Scheele’s green 
(CuHAsO3), which was used as a coloring agent, was also a source of arsenic in the 
environment. Other common arsenic containing compounds that have been used as 
horticultural pesticides are calcium arsenate (Ca3(AsO4)2), magnesium arsenate 
(Mg3(AsO4)2) and zinc arsenate (Zn3(AsO4)2).69 The continuous use of arsenic 
containing pesticides, herbicides and wood preservatives leads to residual arsenic in soils 
and sediments at a level up to 2 g As/kg.70 Arsenic trioxide is the most commonly used 
as herbicide and is obtained as a by-product of the smelting process of copper and lead 
ores. Arsenic is released to the environment as fine dust when sulfide ores of copper and 
lead are heated in the smelter leading to its deposition on soil surface and consequent 
arsenic contamination.71 Due to the strong affinity of arsenic towards ferric 
oxyhydroxide and to some extent towards magnesium hydroxide and aluminum 
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hydroxide in soil, arsenic remains in a significant amount in the soil surface even 
decades after its application.71  
Roxarsone (3-nitro-4-hydroxyphenylarsonic acid) is commonly used as a feed 
additive for poultry as a growth promoter. Most of the roxarsone is excreted from the 
poultry body unchanged in poultry litter, which is disposed as a fertilizer to the farm 
lands. Under an open environment, roxarsone is decomposed to produce a mixture of 
arsenic compounds including both inorganic and organic arsenicals, which is finally 
mixed with and transported by groundwater and runoff water resulting in an arsenic 
content in the range of 10.7-130 mg As/kg.72 
The smelting processes of Cu, Ni, Pb and Zn ores are also a source of arsenic in 
soils and sediments. It is estimated to be approximately 62000 t of arsenic that is emitted 
from the smelting process. Arsenic is found in high concentrations near the smelters of 
these metals. The amounts of arsenic near lead smelter, copper smelter and gold smelter 
are measured to be 2 g As/kg, 0.55 g As/kg and 0.5 to 9.3 g As/kg, respectively.73 
Mining activities also cause arsenic contamination of soils and sediments in the range of 
5 µg/L to 72 mg/L of arsenic in mine drainage.26,74  
 
1.6. Human Health 
Throughout history, water quality has been an indicator and determining factor of 
human life and welfare. The presence of arsenic in groundwater and drinking water has 
affected more than 100 million people throughout the world causing arsenic related 
disease. Chronic exposure to arsenic leads to arsenical poisoning.43 Chronic toxicity is a 
property of a substance that has toxic effects on a living organism, when organism is 
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exposed to the substance repeatedly. Prolonged exposure to a substance and prolonged 
internal exposure due to the substance remains in the body for a long time causes chronic 
toxicity. Arsenic toxicity arising from drinking arsenic containing water can cause 
bladder, lung, kidney, liver, colon, prostate and skin cancers, as well as hyper- and hypo-
pigmentation, keratosis, hypertension, cardiovascular diseases and diabetes.75-86 Acute 
arsenic toxicity damages the cardiovascular, pulmonary, immunological, neurological, 
endocrine and reproductive systems. Arsenic also affects the central and peripheral 
nervous systems, as well as heart and blood vessels. Arsenic is genetically harmful 
because it inhibits the repair of DNA damage by bonding with sulfur in cysteine unit. 
Whereas inorganic mercury is toxic when inhaled and it is absorbed into the blood. It 
can pass through the blood-brain barrier and accumulate in the brain and damage the 
central nervous system. Methylmercury forms complex with cysteine. This complex is 
similar to methionine and can more easily gain entry into cells. Arsenic related diseases 
are of major concern in Bangladesh as well as in West Bengal, India, due to arsenic 
contamination of groundwater in the Ganges Delta basin. Chronic exposure to arsenic is 
possible by drinking water having arsenic concentration >10 ppb. This causes severe 
acute arsenic toxicity in humans resulting in gastrointestinal discomfort, vomiting, 
diarrhea, bloody urine, convulsions, coma and death.76,77,87-95  
Most of the arsenic species are toxic for humans. But toxicological properties of 
organic arsenic compounds are different from inorganic arsenic compounds. 
Arsenosugars and arsenobetaine, the common forms of organic arsenic compounds, are 
less toxic than inorganic arsenic species. Arsenosugars are arsenic-containing riboses 
which are commonly found in seafood like mussels, oysters and clams as well as in 
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marine algae.36,96 Arsenic poisoning is more common compared to any other toxin 
known to human.42,97 Inorganic arsenic compounds are highly toxic compared to their 
organic counterparts, which is evident from the fatal dose limit. The two forms of 
inorganic arsenic, trivalent As (reduced) and pentavalent As (oxidized), can be absorbed 
and accumulated in tissues and body fluids. Among various species of arsenic, arsine gas 
(AsH3) is the most toxic with a fatal dose of 250 mg As/m3 at an exposure time of 30 
minutes. Whereas, the fatal dose for arsenic trioxide is 34.5 mg As/kg. The fatal dose for 
sodium arsenite, sodium arsenate, monomethylarsonic acid, dimethylarsinic acid and 
trimethylarsine is 4.5 mg As/kg, 14 to 18 mg As/kg, 1800 mg As/kg, 1200 mg As/kg and 
8000 mg As/kg.42 Human beings are exposed to arsenic through medicine, food drinking 
water and groundwater, and environmental surroundings such as ingestion of arsenic-
containing particulates through breathing. 
The extent of arsenic toxicity depends primarily on the metabolic capability for 
arsenic in the human body. The extent of methylation of inorganic arsenic and subsequent 
excretion depends on the form of arsenic ingested. Inorganic arsenic is metabolized 
mainly in the liver through a sequential process which involves a two-electron reduction 
of pentavalent arsenic to trivalent arsenic, followed by oxidative methylation to 
pentavalent organic arsenic.36,98 Inorganic arsenic is metabolized in kidney and liver to 
the methylated forms of monomethylarsenous acid (MMA(III)), monomethylarsonic acid 
(MMA(V)), dimethylarsinous acid (DMA(V)) and dimethylarsinic acid (DMA(V)) 
(Figure 1.2) and primarily excreted in urine.98,99 DMA(V) is the predominant inorganic 
arsenic metabolite which is rapidly excreted in urine by most mammals. However, 
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MMA(III) and DMA(III) are  more cytotoxic, genotoxic, and potent inhibitors of the 
activities of some enzymes than the parent inorganic arsenic.12,100,101 
The reduction of arsenate occurs nonenzymatically in the presence of glutathione 
(GSH). In the human liver on the other hand, conversion of arsenate to MMA is 
dependent on enzymes such as MMA reductase which appears to be a glutathione-S-
transferase (omega). The methylation process also requires Sadenosylmethionine (SAM) 
and a methyltransferase.98,102-106 Arsenic is also eliminated through the face, sweat and 
incorporation into hair and nails.107,108 Arsenic is not an essential element for mammals. 
It mainly binds with protein sulfhydryl groups and disrupts enzymatic activity causing 
arsenic toxicity. As a result, it causes disruption in cellular glucose uptake, 
gluconeogenesis, fatty acid oxidation and glutathione production. Arsenate also inhibits 
oxidative phosphorylation of the cellular level causing disruption in cell energy 
production and substitutes phosphate compounds leading to arsenocholine. 12,109-113 Due 
to similarity in structure and properties, arsenate replaces phosphate in vitro forming 
glucose-6-arsenate and 6-arsenogluconate which is similar to glucose-6-phosphate and 6-
phosphogluconate, respectively. As a result, hexokinase is inhibited by glucose-6-
phosphate. Arsenate also hinders sodium pump and the anion exchange transport system 
of the human red blood cell by replacing phosphate. Arsenite readily binds in vitro with 
thiol-containing molecules such as glutathione (GSH) and cysteine inhibiting important 
biochemical events which could lead to toxicity. GSH is the most abundant thiol 
containing molecule in cells. The average concentration of GSH is about 7 mM in 
hepatocytes.114 Arsenite prefers to bind with dithiol compounds than monothiol 
compounds, which is evident by the favorable transfer of arsenite from a (GSH)3-arsenic 
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complex to the arsenite complex of dithiol compound 2,3-dimercaptosuccinic acid 
(DMSA).98 13C NMR studies have shown that the addition of DMSA to a solution of 
(GS)3As(III) induced the immediate release of GSH. DMSA is also oxidized to form 
cyclic and acyclic dimers and trimers when it reduces As(V) to As(III). Human urine 
contains DMSA that constitutes 90% of mixed disulfides DMSA(cysteine)2 and 10% 
cyclic disulfides. This binds with arsenite in human body by replacing GSH and is 
excreted from the body with urine. DMSA is thought to form (DMSA)3[As(III)]2 
complex similar to the previously reported structure for a complex of antimony(II1) with 
DMSA, (DMSA)3[Sb(III)]2.114,115    
 
1.7. Remediation of Arsenic  
 Arsenic contamination commonly occurs in groundwater, surface water and 
drinking water as well as in soil and sediments through industrial wastewaters and mine 
drainage. There is a limit of maximum contaminant level (MCL) for arsenic in drinking 
water in various countries. The lowering of MCL for arsenic in drinking water from 50 
to 10 ppb in many countries has necessitated the improvement and development of 
existing and new technologies. The U.S. EPA’s MCL for arsenic in drinking water is 10 
ppb, whereas Australia’s MCL for arsenic is 7 ppb.116 The concentration of arsenic in 
water will have an effect on the ability of water suppliers to comply with the drinking 
water standard. Throughout the world, 3.6% of water suppliers supply drinking water 
that contains more than 10 ppb of arsenic, and 5% supply water containing more than 20 
ppb arsenic.117,118 Various physical and chemical treatment processes are available to 
remove arsenic from aqueous solutions. These processes including sorption, chemical 
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precipitation/coprecipitation, ion exchange, filtration, reverse osmosis and 
electrodialysis have been used over the last few decades.119 Reverse osmosis, 
nanofiltration and membrane distillation are also capable of removing more than 95% of 
arsenic from contaminated groundwater. The effectiveness of any of these technologies 
depends on various factors such as concentrations of arsenic in aqueous solutions, pH of 
solutions and the presence of competing ions such as phosphates.120 
 The chemical properties of the water (pH, iron content, competing ions etc) and 
the costs related to the removal of arsenic will attribute to the large number of various 
arsenic removal technologies. Although many technologies have been developed for 
household and community/municipal use, co-precipitation/adsorption and sorptive 
filtrations are the most commonly used technologies in developing countries like 
Bangladesh, Vietnam and Thailand.121 These technologies are intended to remove As(V) 
from water. As a result, peroxidation of As(III) to As(V) is required by oxidants like 
ferric chloride, potassium permanganate and chlorine for most of these technologies. Co-
precipitation/adsorption processes depend mainly on the coagulant. Coagulants like 
ferric sulfate or aluminum sulfate perform well to remove arsenic at nearly neutral pH 
values, but sludge disposal remains a problem. In presence of water, coagulants 
hydrolyse to form hydroxide which agglomerates during arsenate adsorption and settles 
down at the bottom. The sludge generated at the bottom contains up to 32% water and 
creates a disposal problem. Lime softening of water using CaCO3, Mg(OH)2 and 
Fe(OH)3 is also effective for removing arsenic especially at pH > 10.5. At extremely low 
arsenic concentrations, this method does not work well.121-123 
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Sorptive filtration technique uses solid supported active media to remove 
arsenates by sorption. Activated alumina, granular activated carbon, granular ferric 
hydroxide and iron oxide coated sand are commonly used as sorption material for 
arsenates. When the sorption sites are completely spent during arsenate removal, 
sorption materials are either discarded or regenerated. At a high total dissolved solid 
(TDS) concentration, activated alumina works well but competing ions decrease the 
efficiency of activated alumina. The regeneration of activated alumina also remains an 
issue to date. Spent activated alumina is regenerated by washing with dilute alkali 
solution followed by neutralization with either HCl or H2SO4. Drawbacks of using ion 
exchange resin include ion competition and iron precipitate clogging.  Reverse osmosis 
and nanofiltration can remove 95% and > 90% of arsenic; however a high operating cost 
is associated with these methods.117,118   
   
1.7.1. Activated Alumina 
 Activated alumina (AA) falls in the category of a physical/chemical process, as it 
is used as a fixed bed adsorbent for removing arsenic from drinking water. Arsenic is 
removed from water through adsorption on the available binding site on the oxide 
surface of AA. AA is a dehydration product of Al(OH)3 at high temperature which 
contains amorphous alumina oxide.124  AA has been used as sorbent to remove arsenic in 
point of use systems as well as in full-scale water treatment facilities.125 However AA 
has a slow rate of adsorption and removes As(V) more effectively than As(III), thus 
requiring the pre-oxidation of As(III) to As(V).126 This process thus increases the 
complexity of the system as well as the viability of its utility in small scale house-hold 
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treatment units. A batch test at pH 6.5 and 8.5 has shown that approximately 87% and 
65% of As(V), respectively could be removed from 10 mg/L of arsenic solution using 
0.1 g of AA.125 The removal of arsenic by AA was investigated by Jiang et al. AA has 
removed only 43% to 51% of arsenic from water that contains 21 to 1100 ppb arsenic at 
a pH range of 5.5 to 6.127 The presence of competing ions such as sulfates, phosphates, 
fluorides and chlorides reduce the adsorption capacity to 50%. The studies of removing 
As(V) from an initial concentration range of 34 to 87 ppb have shown to achieve 87% to 
98% of As(V). But the capacity of AA is only 0.25 g/kg of adsorbent. AA is effective 
only in the range of pH 5.5 to 6 to capture As(V). At low pH, the surfaces of alumina 
can attract As(V) by gaining positive charges due to protonation. But at pHs above 8, the 
charges on the alumina surfaces approach to zero point of charge (approximately 8.4-
9.1). As a result, less number of positive charges are present on the surface to attract 
oxyanions which makes it less effective for arsenic removal at higher pH.128,129 
The energetics of arsenate sorption on amorphous aluminum hydroxide (AHO) 
has been studied using flow adsorption calorimetry. The molar heats of adsorption are 
exothermic in the range of -3.0 to -66 kJ/mol at pH 5.7. Based on the sorption study, the 
mole ratio of arsenate sorption on alumina surface is obtained in the ratio of 1:8 (As:Al). 
This suggests that arsenate sorption capacity is mainly dependent on the presence of 
anion exchange capacity sites on the alumina surfaces. For each mole of arsenate 
adsorbed, an average of 1.61 moles of anion exchange capacity sites are lost during 
arsenate sorption.130     
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1.7.2. Activated Carbon 
 Adsorption of arsenic by activated carbon is another form of arsenic removal 
technology that has been used for decades. Adsorption is the adhesion of atoms, ions or 
molecules from a gas, liquid or dissolved solid to the surface of solid. Activated carbon 
is amorphous in nature and is highly porous with a high surface area. This provides a 
large number of sorption sites that are useful for removing arsenic from water. Coconut 
shells, wood char, lignin, petroleum coke, bone-char, peat, sawdust, carbon black, rice 
hulls, sugar, peach pits and various other waste materials are the major sources of 
preparing activated carbon. These materials are charred followed by heating and 
chemical treatments to obtain activated carbon. The adsorption capacity of activated 
carbon depends on many factors such as temperature, pH of solutions, ionic strength and 
presence of competing ions in solution. Although activated carbon captures As(V) in 
water, it is ineffective for removing As(III). The study of adsorption of As(III) and 
As(V) on activated carbon versus pH and temperature has shown that adsorption of 
As(III) is constant in the pH range of 0.16 to 3.5, but maximum adsorption of As(V) is 
observed at pH 2.35. The heat of adsorption for As(V) and As(III) varies from 4 to 0.75 
kcal/mol and 4 to 2 kcal/mol, respectively, which suggests that arsenic is physisorped on 
activated carbon through weak Van der Waals interaction. As a result, leaching of 
arsenic to groundwater, soil and sediments is possible after the disposal of arsenic 
containing activated carbon.11 The efficiency of activated carbon produced from oat 
hulls in adsorbing As(V) also depends on the initial pH value. The adsorption capacity 
decreased from 3.09 to 1.57 mg of As per gram of activated carbon as pH of solution is 
increased from 5 to 8.131  
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 1.7.3. Iron Removal Process 
Iron-based materials show strong affinity towards arsenic. Various iron containing 
sorbents including zero-valent iron (ZVI), granular ferric hydroxide and ferric oxide 
have been explored for arsenic remediation from contaminated water.132-135 However, 
removal of arsenite species is difficult compared to arsenate species.136 Nano-sized ZVI 
has shown arsenic removal capacity from drinking water. However due to its tiny 
particle size, it has limited application in public water systems and small scale water 
treatment facilities. Activated carbon supported nanoscale ZVI has shown arsenite and 
arsenate adsorption capacity of 18.2 and 12.0 mg/g, respectively at pH 6.5. However, the 
presence of phosphates and silicates decreases the removal capacity of 
both arsenite and arsenate.137,138 The effects of dissolved oxygen and pH of solutions on 
arsenic removal by ZVI have been investigated in both batch and column set up. Under 
oxic conditions, about 99.8% and 82.6% of the As(V) and As(III), respectively, is 
removed at pH 6. After the removal of dissolved oxygen by purging nitrogen, less than 
10% of the As(III) and As(V) is removed by ZVI suggesting the oxidation of As(III) to 
As(V) as well as the oxic corrosion of Fe(0) to iron hydroxides.139 A column study of 
As(III) capture by ZVI was conducted by Lien et al. The study shows that 7.5 mg As(III) 
was captured by one gram of iron.140 However, other column and batch studies have 
shown arsenic removal capacity only in the range of 0.77 to 1.77 mg As/g Fe.141-143  
The time dependent As(V) adsorption at different temperatures and at pH 6.5 
indicates a rapid initial uptake of arsenic followed by a slower removal. About 80–95% 
of As(V) removal can be achieved within the first 30 min of contact with granular iron 
hydroxide. After this time period only 3–15% of additional As(V) is removed in the 
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following 24 h. A similar pattern is also observed at pH 7.5. The decrease in the 
concentration difference between the bulk solution and the surface is the driving force 
for slower removal rate. Ferrihydrite shows a similar trend of adsorption of As(V). 
As(III) adsorption at both pH conditions follows an identical pattern. About 90% of the 
total As(III) was adsorbed at equilibrium.41,144,145  
In laboratory scale study, iron rich arsenic removal columns have been tested by 
pH leaching test. The sludges that have been tested for leaching studies contain 1270 
mg/kg, 705 mg/kg and 313 mg As/kg. About 50–60% of the total As in the sludges is 
strongly bound with amorphous iron hydroxides. The concentration of dissolved arsenic 
in leachate solution is 35-45 times higher at high alkaline conditions (pH 11) compared 
to pH 3 indicating that strongly bounded As would be released in the environment at 
high alkaline and low redox conditions. This suggests that maintaining non-alkaline and 
high redox conditions are required for minimum As solubility and mobilization from the 
sludges.146 Iron oxide shows an adsorption capacity of 2.2 mg As/g at pH 6.5. 
Comparison of arsenic adsorption by iron oxide at pH 3 and 6.5 shows that the 
adsorption capacity of iron oxide decreases with increase in pH. Increase in pH causes 
the decrease of surface positive charge (FeOH2+), which results in decreased attraction 
between iron oxide surfaces and arsenite and arsenate species.147  
 
1.7.4. Membrane Filtration Process 
 Different types of filtration process such as microfiltration (MF), ultrafiltration 
(UF), nanofiltration (NF) and reverse osmosis (RO) can also be used to remove arsenic 
from water. These processes are useful to remove particulate arsenic from arsenic 
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contaminated water. In ground water when pH and arsenic concentration is low and 
suspended sediment loading is high, arsenic is present in suspended particulate form 
rather than dissolved form.148  
 RO has been applied to remove low level naturally occurring groundwater arsenic 
in the presence and absence of chlorine. A 58% of arsenic can be removed by RO from 
unchlorinated water (from 79 ppb down to 33 ppb), whereas it can remove 91% arsenic 
from water (109 ppb to 10 ppb) in presence of chlorine suggesting the preoxidation of 
As(III) to As(V) in presence of chlorine.149 RO removes 95% to 97% of As(V) in the pH 
range of 3 to 10 as compared to only 80% of As(III) in the pH range of 3 to 7 due to the 
neutral charge of As(III) species (H3AsO3) exists at lower pH. Higher percentage of 
As(III) removal can be achieved by RO at pH 10 and above. Although RO is a reliable 
technique, it requires high capital operational costs. Another disadvantage of RO is 
formation of scales and deposits on the membrane as it also removes other inorganic 
contaminants (Fe, Ca etc.) from groundwater and drinking water.  
 NF is another membrane filtration technique which behaves like RO. The arsenic 
removal efficiency is primarily dependent on the pH and varying species of arsenic 
present in groundwater and drinking water. This technique removes 95% As(V) at an 
applied pressure of less than 1.1 MPa but it only removes 75% of As(III) which is very 
low compared to pentavalent arsenic.150 Active poly-amide layers containing 
nanofiltration (NF) membrane are effective in removing 90 and 100% As(V), while 
As(III) removing efficiency which is less than 10% is very poor. Furthermore, percent 
As(III) removing capacity decreases with increasing As(III) concentration in aqueous 
solution.151 Polyacrylonitrile (PAN) containing electro-ultrafiltration (EUF) membrane 
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shows wide difference in removing As(III) and As(V) from water. About 90% of As(V) 
can be removed by EUF at voltages as low as 25 V, whereas only 10% of As(III) can be 
removed at same voltage without any pH adjustment. As(III) removing capacity 
increases to 76% at pH 10. This is due to the fact that As(III) is present as neutral species 
at lower pH values.152,153 
 
1.7.5. Ion Exchange 
The ion-exchange process has similar principles to that of activated alumina, but 
it contains synthetic resins of enhanced ion-exchange capacity. The synthetic resin is 
primarily made of cross-linked polymer matrix. The charged functional groups can be 
acidic or basic, and are attached to the matrix surfaces through covalent bonding. The 
resins can be pretreated with anions such as Cl– that can be used for the removal of 
negatively charged species arsenate. The capacity of ion exchange to remove arsenic is 
dependent on the presence of competing ions in water. Sulfates, nitrates and phosphates 
are the common competing ions present in water. These ions have a higher affinity for 
ion exchange resin than arsenate species and will decrease the efficiency of arsenic 
capture from water. Typical theoretical exchange capacities for strong base anion 
exchange resins range from 1.0 to 1.4 mEq/mL. Arsenate is adsorbed on the resin 
surfaces according to the equation 5 shown below.  
 
2R-Cl  +  HAsO42-               R2HAsO4  +  2Cl-                 (5)  
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The resin can be regenerated by using both HCl and NaCl. In presence of HCl, the 
arsenate is converted to arsenic acid (H3AsO4) as per the following reaction (Equation 
6).154,155 
 
R2HAsO4  +  2Cl-  +  2H+               2R-Cl  +  H3AsO4            (6)  
 
1.7.6. Biosorbents 
Biosorption of arsenic has been examined as an alternative method to 
conventional techniques. Positively charged groups such as amine, hydroxyl and thiol 
groups at low pH, act as the potential adsorptive sites for negatively charged ions such as 
arsenate and arsenite species. Alhough a number of biosorbents are capable of removing 
arsenic from water, the poor selectivity of biomass associated with unspecific ion 
exchange reactions in the presence of competing ions is one of the main limitations 
towards its applications. 
Keratin, a fibrous protein containing cysteine amino acid residues, based biomass 
has been explored for As(III) sorption. Biomass prepared from treated white chicken 
feathers shows 29.9 % As(III) and 5.1% As(V) removal capacity at pH 5.156 X-ray 
absorption near edge structure (XANES) and extended X-ray absorption fine structure 
(EXAFS) determines that one arsenic atom is bonded to three sulfur atoms. The 
coordination number of arsenic and the interatomic distance obtained from structural 
parameters analysis are 2.52 ± 0.4 and 2.26 ± 0.01 Å, respectively.156,157 Tea fungus, a 
waste produced during black tea fermentation, has also been examined to capture As(V) 
and As(III) from ground water samples. Autoclaved tea fungal mats as well as 
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autoclaved tea fungal mats pretreated with FeCl3 are exploited to remove As(V) and 
As(III). Autoclaved fungal mats and FeCl3 pretreated mats have been shown to remove 
100% As(III) after 30 min and 77% As(V) after 90 min, and the capture capacity 
increases with increasing contact times and adsorbent loading with an optimum 
adsorbent dosage of 1.0 g/50 mL of water sample.158 
 
1.7.7. Solid Supported Reagents 
Many technologies including coagulation/filtration, ion-exchange, membrane 
technologies, chemical precipitation and adsorption can remove As(V) from drinking 
water. A large fraction of rural population in developing countries is exposed to high 
concentration of arsenic in drinking water. This requires the development of specifically 
designed technologies for water treatment in domestic use. However most of the existing 
methods are unsuitable for domestic and small-scale applications as required by disperse 
populations situated in rural areas. Coagulation/filtration process is not suitable for 
domestic application as it requires the handling of sludge disposal as well as the 
difficulty in achieving complete separation of arsenic from water. Membrane filtration 
processes have a relatively high operational cost. It also needs electric power and 
technically skilled operators for the application purpose which represents a disadvantage 
for isolated users. Application of Ion-exchange resins is also disadvantageous in rural 
areas due to its high costs of application.147 
Numerous solid supported adsorbents have been developed for the effective 
removal of arsenic, by impregnating or modifying porous media surfaces with iron 
oxide, thiols and other metal oxides. Thiol based solid supported media including 
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polymer resins and silica gels have been specifically developed for heavy metal and 
metalloid capture from water. Soft heavy metals like cadmium, mercury, lead and 
arsenic show high selectivity and binding affinity towards thiols.159-161 Solid supported 
thiols have also been widely investigated for the removal and preconcentration of metals 
like As(III), Cu(II), Cd(II), Ni(II), Hg(II), Pb(II) and Zn(II).162,163 Solid supported 
reagents have been used due to their relative easiness of application and separation of 
solid media from aqueous solution. It also provides high surface areas which increases 
better interaction between reagents on the surface and metal contaminants in aqueous 
media.156,164,165 Extensive research has been carried out to develop metal oxide based 
adsorbents to remove As(V) from aqueous solutions but these are less effective for 
removing As(III) from aqueous solution. Hybrid adsorbents prepared from organic and 
inorganic materials containing thiol groups have been effective for removal of As(III). 
  
Activated Carbon 
Iron impregnated granular activated carbon (GAC) has been studied by Gu et al. 
for arsenic removal from drinking water. Ferric ions are impregnated on GAC surfaces 
using aqueous ferrous chloride followed by oxidation using NaClO. Iron impregnated 
GAC is able to capture arsenic in wide pH range (4.4-11) but the efficiency decreases at 
higher pH values. Arsenic removal capacity is greater at an iron loading of about 6%. 
The maximum adsorption capacity of iron impregnated GAC is 2.96 mg As/g.11 L-
Cysteine methyl ester immobilized glassy carbon (CysOMe-GC) removes Cu(II), Cd(II) 
and As(III). Removal of As(III) requires a greater amount of CysOMe-GC as compared 
to removal of Cu(II) and Cd(II).166   
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Alumina 
Arsenic removal by adsorption on AA has been studied extensively. However, the 
pore structures of the conventional commercially available AA are ill-defined, and shows 
low adsorption capacities and exhibits slow kinetics.167 Alum-impregnated 
activated alumina (AIAA) is used as an adsorbent for the removal of As(V) from water 
by batch mode. The efficiency of arsenic removal by AIAA from drinking water is much 
higher than that of activated alumina. AIAA predominantly adsorbs [H2AsO4]- and 
[HAsO4]2− species in the pH range of 2.8 to 11.5 through physical adsorption as well as 
through intraparticle diffusion. It can remove As(V) to below 40 ppb from water 
containing an initial concentration of 10 mg As(V)/l.168  
Activated alumina (AA) modified with mercaptopropyl-functionalized silica has 
enhanced As(III) uptake compared to non-modified activated alumina.167,169 Thiol 
functionalized AA (AA-SH) is prepared by treating AA with pre-synthesized (3-
mercaptopropyl)triethoxysilicane (MPTS) with a capacity parameter of 5.6 mg As/g of 
adsorbent. The surface area of AA-SH is 2.02 m2/g and the pore diameter is 47.8 Å. AA-
SH shows 80% binding with arsenic at pH 4. The binding falls to 40% at pH 11 and 
maximum binding is observed at pH 7 when 5 mg/L of As(III) is treated with 1.0 g/L of 
adsorbent. At a higher pH, [H2AsO3]- is the predominant species. The electrostatic 
repulsion between [H2AsO3]- and negatively charged surfaces at higher pH leads to the 
decrease in arsenic (III) adsorption.167  
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Silica 
Silica is most often used as a solid support due to its natural abundance and high 
mechanical and thermal stability of the support due to Si-O-Si network formation.161 
SiO2 is formed by strong, directional covalent bonds, and has a well-defined local 
structure that contains four oxygen atoms at the corners of a tetrahedron around a central 
silicon atom. Iron oxide coated sand (IOCS) has been shown to remove As(III) from 
solution. The efficiency of As(III) removal increases with increasing pH after pH 4.5. A 
maximum of 88% As(III) removal is observed at pH 7.5 and remained constant with 
increasing pH. The percentage of As(III) removal increases with increasing contact time 
between the solution and IOCS. Removal efficiency of 90% is achieved within 125 min 
and remains constant after that.170 In another experiment, iron oxide coated sand showed 
about 75% As(III) capture within 2 h at pH 7.5-7.8 when 10 ppm As(III) solution was 
treated with 10 g/L of sorbent dose. It showed 80% of As(V) binding ability within 3 h 
at same sorbent loading.171  
 
1.8. BDTH2 as Precipitation Agent 
 1,3-benzenediamidoethanethiol (BDTH2) (Figure 1.3.a) is a dithiol chelating 
agent which has emerged as the best precipitating agent for various soft heavy metals. 
Although BDTH2 contains two thiol groups in the molecular framework, it does not 
form disulfide bonds (-S-S-) through oxidation which is the most common problem of 
many thiol containing reagents.172,173 The oxidation potential of BDTH2 determined by 
cyclic voltammetry is 1.6 V. Due to its high affinity for soft heavy metals, BDTH2 binds 
with soft heavy metals under a wide range of conditions and can remove these metals 
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from various sources such as gold ore processing effluent, lead battery recycling 
effluent, acid mine drainage and contaminated soil.174,175 It acts as a precipitating agent 
for metals such as copper, cadmium, mercury, lead, arsenic and selenium by forming 
insoluble metal-ligand complexes which are stable under a wide pH range and oxidizing 
conditions.172,175,176 The insolubility of the BDT–M compounds is due to the formation 
of strong, non-polar, covalent M–S bonds. BDTH2 has been explored for low level 
mercury removal from groundwater with different concentration of 65.6 ppb and 188.0 
ppb Hg. It shows complete removal of mercury from aqueous solution to well below 
0.05 ppb, which satisfies the drinking water limit of 2 ppb.177,178 It will remove 99.8% 
lead and 96% mercury within an hour from 50 ppm metal concentration on BDTH2 
application in a 1:1 molar ratio to metal.176  
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Figure 1.3. Structure of (a) BDTH2 and its (b) Hg, (c) Cd and (d) Pb compounds179 
 
 Wastewater from lead battery recycling plant contains considerable amount of 
lead and other metals including Sb, As, Cd, Cu, Fe, Se and Sn in low concentration. 
Treatment of this wastewater with BDTH2 is found to remove more than 99.4% of lead 
from an average initial concentration of 3.61 ppm.180 Mercury contamination from Gold-
Cyanide Process (GCP) is a serious environmental issue due to the improper treatment of 
the residual gold leachate solution. BDTH2 effectively removes more than 99% of 
mercury from 34.5 ppm solution with increased dose of precipitating agent.174 It also 
irreversibly binds and removes mercury from contaminated soil with percent 
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immobilization increasing from 82.6 % to 99.6% with increased BDTH2 dosage.181 
BDTH2 will precipitate heavy metals from acid mine drainage (AMD) solutions.182 Acid 
mine drainage is the result of oxidation of pyrite (FeS2) and various other metal sulfides 
leading to leaching of heavy metals into acid run-off water and is most commonly 
observed in coal refuse areas. Microencapsulation is often used to prevent AMD from 
coal refuse piles. BDTH2 is an effective coating material on pyrite via formation of 
covalent Fe-S bonds (Figure 1.4). Iron leaching is reduced by 99.3%, 97.5% and 66.4% 
at pH 6.5, pH 3.0 and acidic oxidative condition, respectively due to the formation of 
BDTH2 coating on coal. Other metals such as Mn, Cu, Ni, Zn and Co also show reduced 
leaching.183 
 
NH
S
HN
S
O O
NH
S
HN
S
O O
Fe FeFe
 
Figure 1.4. Coating of BDTH2 on pyrite through formation of Fe-S covalent bond184 
  
1.9. Interaction of BDTH2 with Arsenic 
BDTH2 has been explored in arsenic removal by batch test and field test filtration 
columns. The batch test As(III) removal by using direct addition of BDTH2 showed 
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100% arsenic capture at pH 5 and 7, both under nitrogen and air. Similarly 97% and 
~100% As(III) capture was observed at pH 9 under nitrogen and air, respectively. On the 
other hand, poor As(III) removal (34.5% under air and 22.9% under nitrogen) was 
noticed at pH 3 due to the presence of solely uncharged species H3AsO3 in the pH range 
of 0 to 5. Above pH 5, [H2AsO3]- species starts to form at a very low concentration (10-10 
M). With increasing pH the concentration of [H2AsO3]- species increases which makes it 
easier to remove arsenite species effectively between pH 5 and pH 9. Negatively charged 
[H2AsO3]- species formed are electrostatically attracted to thiol groups resulting in better 
interactions between thiol groups and [H2AsO3]- species in solution. Also the pKa of 
thiol varies in the range of 7.45 to 10.70. pKa is  the logarithmic measure of the acid 
dissociation constant. The pKa’s of the most common thiol containing molecules are 
relatively non-acidic such as cysteamine (8.35), cysteine (8.58-10.36), N-acetyl cysteine 
(9.52), glutathione (8.63) and dihydrolipoic acid (10.70).185-187 As a result, at higher pH 
both the thiol and arsenite species will be negatively charged. This will result in poor 
binding interactions between thiol and arsenite species. At very low pH, neutral arsenite 
species and protonated thiol groups of BDTH2 are present in solution, which makes it 
difficult to form a bond between As(III) and sulfur. The batch test study showed poor 
removal of As(V) by BDTH2. The soft sulfhydryl groups of BDTH2 will not bond with 
arsenate which is hard Lewis acid. This is in agreement to the fact that arsenate does not 
react with sulfhydryl groups.188,189 As(III) forms a strong bond with sulfhydryl groups of 
cysteine in proteins, which causes enzyme inactivation resulting in arsenic toxicity. The 
toxicity of arsenite is about 60 times more than arsenate due to the difference in 
reactivity of arsenite and arsenate with sulfhydryl groups.188 BDT-As(III) was 
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synthesized in small and large batch by reacting NaAsO2 with BDTH2 and then 
characterized by melting point, infrared spectroscopy and mass spectroscopy. It is 
proposed that the structure of BDT-As(III) compound is BDT3As2, where one As(III) is 
coordinated with three sulfur atoms. This proposed BDT-As(III) is similar to the 
structure of mono and dithiol containing thioarsenic compounds such as tris-
(pentafluorophenylthio)-arsen (Figure 1.5.a) and 1,2-bis-dithiarsolan-2-ylmercapto-
ethane (Figure 1.5.b).190,191 
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Figure 1.5. Tricoordinated arsenic compounds 
  
Field studies of filtration column prepared with BDTH2 and ZVI have been 
conducted on 39 groundwater samples in West Bengal, India. Iron was used to oxidize 
As(III) to As(V) in groundwater samples. Arsenic contamination of groundwater is a 
serious issue in various parts of West Bengal. In these areas, arsenic concentration varies 
from 8.82 ± 0.19 ppb to 220.47 ± 4.85 ppb. No detectable concentration of arsenic after 
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the filtration of water samples through a BDTH2 column, but iron level in the effluent 
samples increased in the range of 2.23 ± 0.00 ppm to 95.09 ± 16.96 ppm after column 
filtration. Elevated levels of iron can be an issue as it causes changes in the color of 
water to an orange, rusty hue and also negatively affects the taste and odor of water.   
 
1.10. Conclusion 
The primary goal of this dissertation research is to explore the extension of ligand 
utility of BDTH2 in column filtration for the removal of As(III) from drinking water. 
Remediation of arsenic from groundwater and drinking water often requires 
precipitation/coprecipitation, coagulation and flocculation followed by filtration of 
hazardous solids formed to obtain arsenic free water. Surface adsorption by various metal 
oxides and oxyhydroxides is an alternative technology for the remediation process. 
However, although these metal oxides and oxyhyroxides are often excellent adsorbents 
for As(V), they are ineffective for removal of As(III) from water. Membrane filtration on 
the other hand, is not economically viable for application in small scale.  
BDTH2 has been successfully applied in the batch remediation of different soft, 
divalent metals such as Pb(II), Cd(II), Cu(II), Mn(II), Zn(II), Fe(II) and Hg(II) from 
ground water, coal refuse, gold ore, lead battery recycling plant wastewater and 
contaminated soils.172,174-177,179,180,182,183,192-196 However, application of BDTH2 requires 
dissolution in organic solvent or the metallated form BDTH2, which limits the 
applicability of the compound. The batch treatment of arsenic contaminated water by 
BDTH2 in large scale water treatment systems works out perfectly well. The problem lies 
in the application of BDTH2 as a low cost, portable, lightweight column in homes and 
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arsenic affected areas of developing countries, where large water treatment systems and 
cost of remediation technologies are issues. This requires the development of alternative 
methods of ligand application. While the application of BDTH2 as an ethanolic solution 
limits its environmental application, potassium or sodium salt of BDTH2 needs 
immediate application to avoid the formation of disulfide products. The application of 
BDTH2 as filtration column material with ZVI and sand as inert solid support for arsenic 
removal is found to be effective. However the leaching of BDTH2 and iron from filtration 
column limits its applicability, thus requiring the search for alternative methods of 
BDTH2 application as arsenic removal agent in filtration columns.189 Immobilization of 
BDTH2 on solid support by covalent bonding can eliminate the ligand washing out of the 
column, as well as it will increase the dispersion of ligand with increased surface area, 
decrease ligand loading and increase better ligand arsenic interaction. The presence of 
reactive functional groups on the side chain of BDTH2 will increase the possibility of 
immobilizing the ligand on a solid support. 
The focus of the dissertation is the design and synthesis of the acid derivative of 
BDTH2 (ABDTH2) that can be immobilized on silica. Following the synthesis and 
characterization of ABDTH2, the As(III) complex of the compound will be synthesized 
and characterized to determine the binding nature followed by leaching study over a pH 
range of 5-9 to determine the stability of the As(III) complex. This work further focuses 
on the immobilization of newly synthesized ligand on silica support followed by its 
application in batch study over a pH range of 5-9 and column study for the removal of 
As(III) from water. The current research work will also focus on the development of 
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more robust and inexpensive means of remediation of arsenic by designing solid 
supported ligands for filtration columns. 
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CHAPTER 2 
ABDTH2: A Functional Reagent for As(III) 
 
2.1. Introduction  
 The new dithiol compound, 2,2'-(isophthaloylbis(azanediyl))bis(3-
mercaptopropanoic acid) (Figure 2.1b), is designed to incorporate the metal-bonding 
capability of cysteine, an essential, naturally occurring, hydrophobic amino acid, in a 
framework similar to BDTH2 (Figure 2.1a). The compound is conventionally abbreviated 
ABDTH2 to show that it is similar to BDTH2 but with two carboxylic acid (“A”) groups. 
Cysteine (CSH) is an integral part of many metal-binding enzymes including the 
metallothioneins. It is potentially a trifunctional amino acid with the ability to coordinate 
metals through its carboxyl, amino and thiol functional groups. The pKa values for these 
groups are: 1.69-2.44 (COOH), 8.17-8.78 (NH2) and 10.29-10.71 (SH). In aqueous 
solutions cysteine exists as the ammonium zwitterion.197-201 Cysteine forms covalent 
compounds with Hg, Cd, Pd, and several other metals. These metal complexes have been 
used to study the bonding interactions between metals and the thiol group of cysteine as a 
model for cysteine containing protein and peptide.202   
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Figure 2.1. The molecular structures of (a) BDTH2 and (b) ABDTH2 
 
The Cd(II) compound of cysteine was studied at two different alkaline pH (7.5 
and 11.0) with ligand to metal molar ratios varying from 2.0 to 20. A distorted tetrahedral 
CdS2N(N/O) (Figure 2.2.a) coordination geometry was observed at pH 7.5 for the molar 
ratio of 2.0 indicating that both ligands bond to Cd(II). This was confirmed by a single 
113Cd NMR resonance at 509-527 ppm. The average Cd-S and Cd-N(N/O) bond 
distances, measured by Cd K-edge EXAFS (Extended X-ray Absorption Fine Structure) 
spectroscopy, were  2.54 ± 0.02 and 2.34 ± 0.04 Å, respectively. On the other hand, at pH 
11.0 the dominating species was [Cd(S,N-Cys)2]2- (Figure 2.2.b) due to deprotonation of 
the amine groups. Consequently the metal-ligand bond distances are shortened slightly. 
An increase in ligand concentration in the solution at pH 7.5 caused a corresponding 
increase in the number of thiolate ligands in the cadmium (II) complexes with [Cd(S-
cysteinate)4]n- complex being the predominant species.202  
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Figure 2.2. Cd(II)-Cysteine complexes in solution at pH 7.5 (a) and pH 11 (b) 
 
Cysteine formed two, three and four coordinated complexes with mercury through 
metal-sulfur coordination (Hg(SC)n (n = 2, 3, 4)) in alkaline aqueous solutions. Different 
species of mercury-cysteine complexes were obtained in solution at varying Cys/Hg 
ratios of 2.2, 3.3, 4.3, 5.3 and 10.1 with adjustment of the pH (by NaOH) to 7.7.203 
EXAFS spectroscopy confirmed the presence of a linear two-coordinated complex of 
mercury-cysteine in alkaline condition at low concentration of cysteine to mercury with 
an average Hg-S bond distance of 2.36 Å. Increasing cysteine concentrations in solution 
led to the formation of three and four coordinated mercury-cysteine complexes with an 
average Hg-S bond distance of 2.44 Å and 2.50 Å, respectively.203 The Hg-S bond 
distance decreases with decreasing coordination number of mercury thiolate complex. 
 Cysteine-arsenic complexes have been studied due to the strong affinity of arsenic 
towards the sulfur moiety of cysteine rich proteins. Coordination of arsenic with cysteine 
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produces a 1:3 arsenic:cysteine complex (As(SC)3) through sulfur-arsenic bonding.204-206 
A biosorbent containing cysteine has been developed from chicken feathers that captures 
As(III) species from aqueous solutions. XANES study indicates the presence of arsenic 
bonded to three sulfurs of cysteine units on the biosorbent. The interatomic distance 
between arsenic and sulfur is 2.26 ± 0.01 Å.207 Raman spectroscopy demonstrating the 
absence of a sharp band at 2556 cm-1 (S-H vibrational mode) and the presence of an 
intense band at 401.5 cm-1 indicates the formation of As-S bonds in As(III)-cysteine 
complex.157      
 BDTH2 binds with Cd, Hg, Pb and As by forming insoluble metal-ligand 
complexes containing strong, non-polar, covalent M-S bond within metal-lignad 
framework.172,179 One of the major advantages of BDTH2 over cysteine is that BDTH2 
does not form disulfide bond through oxidation.172,208-210 As a result, thiol groups of 
BDTH2 are available for bonding with metals. It would be ideal to have cysteine units in a 
molecular framework similar to BDTH2 in order to synthesize ABDTH2 by combining 
cysteine and isophthaloyl chloride together, so that it can be immobilized on solid 
supports like silica without forming disulfide bonds. The solid-supported ABDTH2 thus 
formed can be used as a filtration column material for heavy metal remediation. This 
chapter will demonstrate the synthesis and characterization of ABDTH2.   
 
2.2. Results and Discussion 
2.2.1. Synthesis and Characterization 
 A yellow microcrystalline thiol ligand was synthesized according to scheme 2.1 
using isophathaloyl chloride and L-cysteine in 1:2 ratio as starting material. Synthesis of 
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ABDTH2 was carried out in various quantities of 20 g to 100 g. Characterization data of 
ABDTH2 from different batches of synthesis showed similar values.  
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Scheme 2.1. Synthesis of ABDTH2  
 
The melting point of ABDTH2 was in the range 105-109OC. The melting point of 
the compound was higher than monothiol compounds and was consistent with the range 
of melting point of dithiol compounds reported in literature.180,211,212 However, the 
melting point of ABDTH2 was lower than the melting point of BDTH2 (133-135oC). 
This is most likely due to the presence of H-bonded solvent. In IR spectra, a strong and 
broad absorption band at 3337 cm-1 was due to the presence of carboxylic acid group in 
the ligand. The bands for aromatic C-H, methylene C-H, acid carbonyl (C=O), amide 
carbonyl (C=O) and amide N-H bending at 3066, 2962, 1734, 1647 and 1533 cm-1, 
respectively were also seen in the spectra of the synthesized compound. The bands for 
aromatic C-H, methylene C-H, amide carbonyl (C=O) and amide N-H bending were 
similar to the IR bands observed in BDTH2.180,213 The absorption peak in IR spectra at 
2568 cm-1 confirmed the presence of a characteristic thiol peak in the molecule. The 
observed IR band was consistent with the reported IR value of S-H bond in other 
compounds such as N-acetyl-L-cysteine (2551 cm-1), ethanediol bismercaptoacetate 
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(2560 cm-1), bis(2-mercaptoethyl) malonate (2560 cm-1),  BDTH2 (2557 cm-1).213,214 
ABDTH2 has a similar molecular framework to BDTH2 including the presence of 
carboxyl groups on the α-carbon next to NH (Figure 2.1b).181 The presence of amide 
carbonyl and amide N-H bending suggested that L-cysteine was bonded to the 
isophthaloyl chloride through amide bond formation. 1H NMR (400 MHz) of the 
compound in DMSO-d6 showed triplets at δ 2.60 ppm (2H) attributed to thiol proton. 
The proton signals at δ 7.60 ppm, 8.06 ppm and 8.41 ppm corresponded to aromatic 
protons. Other signals at δ 2.90 ppm, 4.50 ppm, and 8.90 ppm corresponded to 
methylene protons at α and β carbons and amide NH, respectively. ESI (electrospray 
ionization) mass spectrum showed the molecular fragment C14H16N2O6S2 peak at m/e 
373, which corresponded to the parent ion of the molecule. The characterization data 
from IR, NMR and mass spectroscopy demonstrated the synthesis of ABDTH2 similar to 
the molecular framework of BDTH2. BDTH2 had shown excellent heavy metal capture 
ability from different waste waters. It is also expected that with similar molecular 
structure ABDTH2 will have the similar chemical properties and will be used to support 
on silica to remove arsenic and other heavy metals from drinking water.  
 
2.2.2. pKa Determination of ABDTH2 
 The pKa of ABDTH2 was determined by volumetric titration (Figure 2.3) of 
ABDTH2 (in triplicate) in water with dilute sodium hydroxide (NaOH). A slurry of 
ABDTH2 in water was used for the titration. The initial pH of a saturated solution of 
ABDTH2 in water was determined to be in the range of 2.55-2.85. The titration 
experiment indicated that the average pKa’s of ABDTH2 were pKa1 = 2.98 ± 0.23 and 
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pKa2 = 4.67 ± 0.08. These values are comparable to the pKa values of other dicarboxylic 
acid such as terephthalic acid (3.51, 4.82) and m-phthalic acid (3.50, 4.50) containing 
two carboxylate groups connected to a benzene ring (Figure 2.4.a and b, respectively).215  
The higher pKa value of the carboxylic acid groups in ABDTH2 as compared to pKa of 
carboxylic acid in cysteine (pKa 1.7)216 suggested that cysteine was connected to a 
benzene ring in ABDTH2 and thus the acidity of carboxylic acid in ABDTH2 was lower 
than in cysteine. 
 
 
Figure 2.3. Titration of ABDTH2 with 0.025 M sodium hydroxide (NaOH) (pKa1 3.20 
and pKa2 4.60) 
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Figure 2.4. Structure of (a) terephthalic acid and (b) m-phthalic acid 
 
2.3. Experimental 
2.3.1. Materials and Techniques 
All the reactions were carried out at room temperature. The following reagents 
were used as received from the indicated vendors: L-cysteine hydrochloride (98% purity, 
Sigma), triethylamine (> 99.5%, Mallinckrodt Chemicals), isophthaloyl chloride (> 99%, 
TCI America), tetrahydrofuran (Acros Organics) and ethyl acetate (Fisher Scientific). 
DMSO-d6 (99.9%), obtained from Cambridge Isotope Laboratories Inc., was used as 
NMR solvent. ABDTH2 was characterized by nuclear magnetic resonance (NMR), 
infrared (IR) spectroscopy, mass spectroscopy (MS) and melting point. 1H NMR of 
ABDTH2 was produced in DMSO-d6 using tetramethoxy silane (TMS) as internal solvent 
on a Varian INOVA instrument at room temperature at an operating frequency of 399.78 
MHz with a pulse of 71.2 deg. Mass spectra was obtained on a Finnigam LTQ 
instrument. IR of compounds was produced using KBr pellets with a model Nicolet 
Avatar 370 DTGS IR spectrophotometer (Thermo Electron Corporation). 
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2.3.2. Synthesis 
Triethylamine (114 mL, 83.5 g, 826 mmol) was added to a stirring solution of L-
cysteine (100.2 g, 826 mmol) in water (800 mL, DI) under nitrogen at 25oC. The 
resulting clear solution was stirred for 5 min. Isophthaloyl chloride (80 g, 394 mmol) in 
THF (800 mL) was then added dropwise to the reaction and stirred for 12 h. The solution 
was divided into two equal parts and each extracted with  ethylacetate (400 mL; 800 mL 
total). The ethylacetate extracts were combined and dried over Na2SO4 before the solvent 
was removed under vacuum to produce ABDTH2 as a light yellow solid (113 g, 76% 
yield). Mp: 105-109OC; IR (KBr, cm-1): 3337 (broad, acid OH and secondary NH), 3066 
(aromatic CH), 2962 (methylene CH), 2568 (SH), 1734 (CO, acid), 1647 (CO, amide), 
1533 (NH), 689 (CS); 1H NMR (DMSO-d6, 400 MHz): δ (ppm) - 2.60 [t, 2H, SH], 2.90 
[m, 4H, CH2], 4.50 [m, 2H, CH], 7.60 [t, 1H, C6H4], 8.06 [d, 2H, C6H4], 8.41 [s, 1H, 
C6H4], 8.90 [d, 2H, NH]; MS (+ESI, Finnigam LTQ): 373 (C14H16N2O6S2).  
 
2.3.3. Titration  
The titration of ABDTH2 was conducted in triplicate using a low concentration of 
NaOH solution. ABDTH2 (49.5 mg, 0.13 mmol; 51.9 mg, 0.14 mmol; 49.6, 0.13 mmol) 
was dissolved in 200 mL beaker with D.I. water (100 mL) each time providing a slurry of 
ABDTH2 solution with an initial pH of 2.85, 2.55 and 2.61, respectively. The solutions 
were titrated with 0.025 M NaOH by dispensing both 100 µL and 500 µL from a 1000 
µL pipette to yield the titration curves shown in Figure 2.3. From this data, the average 
values of pKa1, 2.98 (± 0.23) and pKa2, 4.67 (± 0.08) were calculated.  
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2.4. Conclusion 
A dithiol organic compound ABDTH2 was synthesized from isophaloyl chloride 
and L-cysteine which has similar molecular framework as BDTH2. IR, 1H NMR and 
mass spectroscopy indicated the formation of ABDTH2. IR showed the characteristic 
thiol peak at 2568 cm-1. The thiol peak at 2.60 ppm was observed in 1H NMR. Due to 
presence of the thiol group, ABDTH2 can be applied in removing toxic heavy metals and 
metalloids like mercury, cadmium, lead and arsenic. The applicability of attaching 
ABDTH2, containing carboxylic acid group, on solid support such as polystyrene, silica 
gel through formation of amide linkages will be explored and such ABDTH2 solid 
supports can be used as filtration column material for water purification. 
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CHAPTER 3 
Synthesis of ABDT-As(III) 
 
3.1. Introduction  
 Arsenic is a metalloid element which exists in various oxidation states in 
nature.11,108,110 Arsenic and its compounds have been used as antimicrobial agents in the 
treatment of syphilis and trypanosomiasis, promyelocytic leukemia and many other 
diseases.217-220 Inorganic arsenic is also carcinogenic causing acute toxicity to humans 
and animals due to accumulation of arsenic through drinking water and other sources.221-
223 Toxicity of arsenic is dependent on the species of arsenic present in the environment. 
Arsenite (As(III)) is more toxic than arsenate (As(V)) due to its strong affinity towards 
thiol moiety in biological system. Arsenic binds with sulfur or sulphydryl moiety of thiol 
containing proteins such as enzymes inhibiting the activity of the protein by forming 
covalent As-S bond thus causing the toxicity.98,157,224-226 
 Mononuclear As(III)-thiolate compounds have been known over the decades. 
Dimethylarsinic acid, (CH3)2AsO(OH), reacted with cysteine (CSH) in vitro to give S-
(dimethylarsino)-DL-cystein ((CH3)2As(SC)) (SC = monoanionic cysteine unit) complex 
(Figure 3.1).204 The synthesis of (CH3)2As(SC) from water had also been demonstrated. It 
inhibited the growth of the Gram positive bacteria, S. aureus 209.204,227 Arsenic(III) 
coordinated with three cysteine units (As(SC)3) had also been reported.205             
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Figure 3.1. S-(Dimethylarsino)-DL-cysteine  
 
As(SC)3 (Figure 3.2.a) was formed in an aqueous solution when H3AsO3 was combined 
with three equivalents of cysteine in the pH range of 2.5 to 7. As the pH of the solution 
was increased, the hydroxyl groups displaced two of the cysteine molecules to form the 
negatively charged compound, [As(SC)(OH)2]- (Figure 3.2.b) which is predominate in the 
pH range of 8.0 to 9.5.217 Cysteine-rich biomass was found to adsorb As(III) by 
coordinating As(III) to three cysteine units to form As(SC)3 confirmed by X-ray 
absorption fine structure (XAFS).156,157 Arsenic dithiolate and trithiolate have also been 
reported in literature. In 1,2-bis-dithiarsolan-2-ylmercapto-ethane, arsenic forms 
dinuclear complex with 1,3-dithiopropane having one 1,3-dithiopropane unit bridging 
between two arsenic centers.228-230 Arsenic also formed compound with glutathione 
(GSH). Glutathione plays an important role in the detoxification of arsenic. Arsenic 
coordinates with sulfur from three glutathione units to form As(SG)3.231-233 ABDTH2 
containing cysteine units in the molecular framework has been synthesized for the 
removal of As(III) from water. This chapter will discuss the interaction of As(III) with 
ABDTH2 and the structural features of ABDT-As(III). 
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Figure 3.2. Structure of (a) As(SC)3 and (b) [As(SC)(OH)2]- 
 
3.2. Results and Discussion 
3.2.1. Synthesis and Characterization  
 ABDT-As(III) was synthesized in water to a 66% yield by reacting NaAsO2 and 
ABDTH2 as starting material. The compound was characterized by melting point (MP), 
IR, 1H NMR and mass spectra. The material was decomposed in the temperature range of 
195-198OC. The decomposition temperature was significantly higher than the melting 
point (105-109OC) of ABDTH2. The high decomposition temperature is similar to the 
melting point of various dithiol-metal complexes (BDET-Hg, BDET-Cd and BDET-Pb) 
reported in literature.179 IR data showed all the important peaks. The bands corresponding 
to OH (carboxylic acid), carbonyl I (carboxylic C=O), carbonyl II (amide C=O) and 
amide (N-H bending) were observed at 3385, 1719, 1654 and 1534 cm-1, respectively. 
The characteristic band for S-H stretching at 2568 cm-1 was absent in ABDT-As(III) 
suggesting the formation of As-S bonds. The absence of S-H peak in IR spectroscopy 
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was also observed in BDT-M (M = Hg, Cd, Pb) compounds (Figure 1.3) where metal was 
bonded to BDTH2 through M-S bond. ABDTH2 had boding ability with metal that was 
very similar to BDTH2 due to its structural similarity with BDTH2. 1H NMR of ABDT-
As(III) in DMSO-d6 indicated the formation of As-S bonds. The proton signal for SH in 
ABDT-As(III) was absent in 1H NMR. However, the proton signals at δ 7.64 ppm, 8.02 
ppm and 8.39 ppm were observed for aromatic protons. Similarly proton signals for α and 
β methylene protons, and amide NH were found at δ 2.87 ppm, 4.52 ppm and 8.91 ppm, 
respectively. IR and proton NMR suggested that As(III) was bonded to ABDTH2 through 
formation of As(III)-S bond. 
 
3.2.2. XAFS Study 
 To examine the As bonding environment in ABDT-As(III), XAFS study was 
performed at the K-edge of arsenic on ABDT-As(III) along with BDT-As(III). Synthetic 
orpiment (As2S3) was used as the reference material. Figure 3.3 shows the arsenic K-edge 
X-ray absorption near edge spectroscopy (XANES) spectra of As2S3 (orpiment), BDT-
As(III) and ABDT-As(III). The absorption energy of As(III) in BDT-As(III) and ABDT-
As(III) was very similar to the peak position of As2S3. The K-edge value (energy, eV) for 
both BDT-As(III) and ABDT-As(III) was found as 11866 eV close to the reported 
literature values, which was similar to the K-edge value obtained for the arsenite standard 
sample of As2S3. This result suggests that arsenic in BDT-As(III) and ABDT-As(III) is in 
trivalent oxidation state.156 XANES was carried out as a tool to determine the rapid 
oxidation of As(III) to As(V) by magnetite and ferrihydrite in presence of oxygen via 
Fe2+ mediated reactions. The XANES peak for As(III) was observed at 11871 eV, 
60 
 
whereas peak for As(V) was observed 11875 eV. In another experiment it was observed 
that the XANES value for MMA(V) and DMA(V) was observed approximately at 11875 
eV. The value obtained from current experiment was in the lower range of 11866 eV 
indicated the presence of As(III) in the compounds.234,235  
 
 
Figure 3.3. Arsenic K-edge spectra for As2S3 (orpiment), BDT-As(III) and ABDT-
As(III)  
 
 Figure 3.4 compares the EXAFS region of the arsenic XAFS spectra for As2S3 
(orpiment), BDT-As(III) and ABDT-As(III). EXAFS oscillations were converted to 
reciprocal space (k-space, chi spectrum in Å-1) representation and weighted by k3. These 
oscillations occurred at regular intervals in k-space and the amplitude of the oscillations 
was almost similar for all three materials. 
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Figure 3.4.  Arsenic EXAFS (k3chi) spectra for As2S3 (orpiment), BDT-As(III) and 
ABDT-As(III)  
 
 The radial structure function (RSF) is shown in Figure 3.5. An RSF spectrum was 
obtained by applying Fourier transform to the spectra in Figure 3.4. The RSF can be 
considered a one-dimensional representation of the structure local to the absorbing atom 
which is arsenic. It is possible to estimate the bond distance (R in Å) between As and S 
and the coordination number (CN) by applying TKAtoms fitting procedure, one of the 
programs in the IFEFFIT XAFS data analysis package.236,237 This was achieved by using 
As2S3 (orpiment) as a model compound to compare the XAFS data of ABDT-As(III). In 
As2S3, each As3+ cation is coordinated by three S2- anions at a distance of 2.283 Å.238 
Least-squares fitting of As2S3, summarized in Table 3.1, can be obtained using all three 
modes: R mode (FT|k3chi| over the region 1.2 to 2.4 Å), q mode (back-transform of the 
FT region) and k mode (k3chi, over the range 3 to 12 Å-1). In the least-square fitting for 
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As2S3, the coordination number, N, was fixed at 3 in order to obtain a value of 0.57 for 
the coordination parameter, S02.  The values listed in Table 3.1 for the energy zero shift, 
e0, the As-S distance, R, and the Debye-Waller factor, ơ2, were also obtained by least-
squares fitting of the EXAFS data to the calculated equation derived for the As-S 
photoelectron back-scattering. The Rfactor is a statistical measure of the goodness of the 
fitting.  Good agreement was obtained for the As-S distance derived from the FEFF 
EXAFS analysis (2.29 ± 0.01 Å) compared to that (2.283 ± 0.005 Å) obtained from the 
crystal structure analysis.  
 
 
 
Figure 3.5. Arsenic RSF spectra for As2S3 (orpiment), BDT-As(III) and ABDT-As(III) 
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Table 3.1: Least-squares fitting parameters derived for As2S3 
Mode Range e0 S02 CN R, Å ơ2, Å2 Rfactor 
R 1.2 - 2.4 Å 9.1 0.59 (3) 2.29 0.0037 0.0088 
q  9.8 0.57 (3) 2.29 0.0035 0.0060 
k 3 - 12 Å-1 9.7 0.54 (3) 2.29 0.0030 0.0292 
 errors (q) ± 1.3 ± 0.06  ± 0.01 ± 0.0008  
  
 
These values were then used to model the EXAFS region for BDT-As(III) and 
ABDT-As(III). The resulting least-squares fitting values are shown in Table 3.2 and 3.3 
and the comparison of data and fit obtained by this method is shown in Figure 3.6 (As2S3) 
and 3.7 (ABDT-As(III)). Using a fixed value of 0.57 for S02, similar analysis was carried 
out for the EXAFS data (k3chi) obtained for arsenic in BDT-As(III) and ABDT-As(III). 
In these cases, the coordination number, CN, and other parameters were derived from the 
least-squares fitting. Figure 3.6 and Figure 3.7 have also shown the close correspondence 
of the k-space EXAFS spectrum for arsenic derived from back-transform of the As-S 
shell in the RSF and the k-space EXAFS spectrum for As in ABDT-As(III). 
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Table 3.2. Least-squares fitting parameters derived for BDT-As(III) 
Mode Range e0 S02 CN R, Å ơ2, Å2 Rfactor 
R 1.2 - 2.4 Å 9.1 (0.57) 4.9 2.26 0.0037 0.0185 
Q  9.9 (0.57) 4.9 2.27 0.0036 0.0118 
k 3 - 12 Å-1 9.6 (0.57) 4.8 2.26 0.0034 0.0278 
 errors (q) ± 1.8  ± 0.75 ± 0.01 ± 0.0011  
 
Table 3.3. Least-squares fitting parameters derived for ABDT-As(III) 
Mode Range e0 S02 CN R, Å ơ2, Å2 Rfactor 
R 1.2 - 2.4 Å 7.6 (0.57) 5.3 2.26 0.0035 0.0144 
q  8.3 (0.57) 5.3 2.26 0.0036 0.0097 
k 3 - 12 Å-1 8.0 (0.57) 5.2 2.26 0.0032 0.0279 
 errors (q) ± 1.7  ± 0.75 ± 0.01 ± 0.0010  
 
 
 
 
Figure 3.6. Comparison of FEFF model function and least-squares fitting for As2S3. Left: 
q-mode fits; right: R-mode fits over the range 1.2 – 2.4 Å 
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Figure 3.7. Comparison of FEFF model function and least-squares fitting for ABDT-
As(III). Left: q-mode fits; right: R-mode fits over the range 1.2 – 2.4 Å 
 
 The As-S bond distance (R, Å) in both BDT-As(III) and ABDT-As(III) was 
estimated to be 2.26 Å obtained by FEFF fitting of BDT-As(III) and ABDT-As(III) 
which is about 0.03 Å shorter than the obtained value for As2S3 while the Debye-Waller 
factor (ơ2) is similar. The estimated As-S bond distance falls within the range of 2.24 - 
2.28 Å reported in literature and is in good agreement with published trithiol ligation 
distance.206,238,239 The As-S bond distance in ABDT-As(III) was comparable with the As-
S distance in tris(phenylthio)arsine (Figure 3.8.a) 2.24 Å.239 Whereas the As-S bond 
distance was estimated to be 2.28 Å in As2S3 (Figure 3.8.b).238 The coordination numbers 
obtained for the As-S shell in BDT-As(III) and ABDT-As(III) from FEFF EXAFS 
analysis falls in the range between 4.8 and 5.3 with high experimental error. These values 
are significantly greater than that for As2S3 structure which may indicate additional 
secondary interaction with other ligands presumably because of their nonsystematic 
nature.156,206,240 This result suggested that the BDT-As(III) and ABDT-As(III) complexes 
are being polymeric rather than crystalline. XAFS study also suggested the bonding 
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nature in ABDT-As(III) was similar to the As2S3. This result indicated that ABDTH2 can 
be used as silica supported reagent to remove As(III) in filtration column applications.  
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(a)                                                               (b) 
Figure 3.8. Structure of (a) tris(phenylthiol)arsine and (b) As2S3 
 
The experimental K-edge absorption energy of As(III) in As2S3 was 11866 eV. 
This was very close to the values reported in the literatures for As(III) bonded to three 
sulfurs. The similar absorption energy of arsenite was observed at 11869 in As(Glu)3, 
where arsenic is bonded to three glutathione unit through sulfurs.235 As(III) is also 
bonded to three sulfur unit  in As2S3. The XANES and EXAFS spectra indicated that the 
As(III) absorption energy of ABDT-As(III) was very close to the value of As2S3 and 
As(Glu)3 and the As-S bond distance in ABDT-As(III) was similar to trithiol coordinated 
As(III) compounds. However the coordination number obtained from least-squares fitting 
parameters for ABDT-As(III) was higher than the coordination number in As2S3. This 
suggested that arsenite in ABDT-As(III) is coordinated to three sulfurs. However 
secondary coordination to arsenite was present in ABDT-As(III). The proposed structures 
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of ABDT-As(III) are shown in Figure 3.9. It was possible that either As(III) was bonded 
to three sulfurs from three ABDTH2 (Figure 3.9.a) or ABDTH2 was bridging between 
two arsenite units (Figure 3.9.b).  
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Figure 3.9. Proposed structure of ABDT-As(III) 
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3.2.3. Leaching Study 
 ABDT-As(III) was set for arsenic leaching at pH 5, 7 and 9 for 24 h, 1, 2 and 3 
weeks. The filtrate of the solution was analyzed by ICP-OES to determine the arsenic 
concentration leached out from the compound. The pH range of 5-9 was used for the 
experiment as pH of groundwater varies in the range of 6-8 depending on the condition of 
soil and sediments. The experimental data is shown in Table 3.4. The study demonstrated 
that about 6.25-7.04% of arsenic was leached out in water after 24 h. After 1, 2 and 3 
weeks, arsenic had been leached out in the range between 12.63% - 18.62%. The study 
showed that the percentage of leaching was almost remained same over the period of 1, 2 
and 3 weeks. However the percentage of arsenic leaching from ABDT-As(III) was higher 
than leaching observed in BDT-As(III).189 The leaching study of arsenic from the solid 
BDT-As(III) showed relatively low leaching of arsenic (up to 0.77%) over the course of 
several weeks over the range of pH 5-9. The higher leaching of arsenic from ABDT-
As(III) is most likely due to presence of physisorbed arsenic on solid. The presence of 
carboxylic acid group on the molecule was possibly also contributing the increased 
solubility of solid ABDT-As(III) aqueous solution. However the percentage of arsenic 
leaching is substantially less than the arsenic leaching from granular ferric hydroxide 
(GFH). It was observed that arsenic and iron leaching was 80% and 65%, respectively, 
under anaerobic and reducing conditions.241 The relatively high leaching of arsenic from 
ABDT-As(III) could also be attributed to the oxidation of As(III) to As(V) followed by 
its release in water.  
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Table 3.4. As leaching from 10 mg of ABDT-As(III) after 24 h, 1, 2 and 3 weeks 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time pH [As], ppm 
(in 50 mL) 
As (mg)/10 mg 
ABDT-As(III) 
As (mg) 
Leached 
% As 
Leached 
As Stock  93.95 ± 0.27 4.69   
24 h 
5 5.93 ± 0.17  0.30 6.30 
7 5.87 ± 0.16  0.29 6.25 
9 6.62 ± 0.13  0.33 7.04 
1 week 
5 11.87 ± 0.36  0.59 12.63 
7 14.35 ± 0.48  0.71 15.28 
9 14.43 ± 0.32  0.72 15.36 
2 weeks 
5 15.11 ± 0.38  0.76 16.08 
7 14.68 ± 0.32  0.73 15.63 
9 15.63 ± 0.35  0.78 16.64 
3 weeks 
5 16.01 ± 0.27   0.80 17.05 
7 15.52 ± 0.24  0.77 16.52 
9 17.49 ± 0.56  0.87 18.62 
70 
 
3.3. Experimental 
3.3.1. Materials and Techniques 
 The experimental was carried out with ethanol and DI water as solvents. Sodium 
metaarsenite (NaAsO2, >99%) was purchased from Sigma-Aldrich and used as received. 
Hydrochloric acid (HCl, omnie trace) was obtained from EMD and diluted to obtain the 
desired pH of solution. The melting point of the compound was taken by MEL-TEMP 
instrument manufactured by Laboratory Devices. The mass spectrum was obtained on 
Finnigam LTQ in the University of Kentucky Mass Spectroscopy Facility. IR of 
compounds was produced using KBr as pellets with a model Nicolet Avatar 370 DTGS 
IR spectrophotometer manufactured by Thermo Electron Corporation. NMR spectra 
were taken using a Varian 400 MHz INOVA instruments in the University of Kentucky 
Nuclear Magnetic Resonance Facility. X-ray absorption fine structure (XAFS) 
spectroscopy of ABDT-As(III) was obtained at beam-line X-18B of the National 
Synchrotron Light Source (NSLS), Brookhaven National Laboratory, NY. Leaching 
study of arsenic from ABDT-As(III) was carried out in DI water and the corresponding 
arsenic concentration in aqueous solution was analyzed by Varian Vista Pro CCD 
Simultaneous Indcutive Coupled Plasma Optical Emission Spectrometer (ICP-OES) at a 
wavelength of 193.7 nm at 1.20 kW power, 4.0 second replicate read time with default 
values for all other parameters.  
 
3.3.2. Synthesis of ABDT-As(III) 
 ABDTH2 (1g, 2.69 mmol) in EtOH (10 mL) was added to a stirring solution 
of NaAsO2 (350 mg, 2.70 mmol) in DI water (40 mL) and the resulting solution stirred 
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for 2 h. A white colloidal suspension formed. Precipitation was induced by adding diluted 
HCl dropwise until the pH reached 5 - 6 (~10 mL). The white precipitate was isolated by 
filtration and then washed with with water (200 mL total). The solid was dried in air 
obtaining to yield 0.82 g (66%) of product. Mp: 195-198 °C (dec); IR (cm-1, KBr): 3385 
(OH from carboxylic acid), 3067 (sp2 CH), 2934 (sp3 CH), 1719 (carboxylic CO), 1654 
(amide CO), 1534 (amide NH); 1H NMR (DMSO-d6, 400 MHz): δ (ppm) - 2.87 [m, 4H, 
CH2], 4.52 [m, 2H, CH], 7.64 [t, 1H, C6H4], 8.02 [d, 2H, C6H4], 8.39 [s, 1H, C6H4], 8.91 
[d, 2H, NH].  
 
3.3.3. XAFS 
 The coordination environment in ABDT-As(III) and BDT-As(III) was analyzed 
by X-ray absorption fine structure (XAFS) spectroscopy. The sample was scanned from 
100 eV below the arsenic K absorption edge at 11,867 eV to as much as 800 eV above 
the edge.  The energy scale for the spectra was calibrated to an arsenate absorber whose 
peak position was assumed to occur at 11,871 eV.  The spectra were collected both in 
absorption and fluorescence geometries using conventional gas-filled ionization 
detectors and a PIPS detector, respectively, for the two different modes.  A reference 
absorption spectrum of As2S3 (synthetic orpiment) was also obtained using a pressed 
pellet of the sulfide diluted to 2-3 wt% and mixed well in SOMAR, an organic 
pelletizing substance for comparison. All other samples were received as powders and 
exposed to the synchrotron X-ray beam by suspending them in ultrathin polypropylene 
baggies. The XAFS spectra were first calibrated with the reference energy point defined 
by the major peak in the spectrum of the arsenate standard followed by dividing into 
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separate X-ray absorption near-edge structure (XANES) and extended X-ray absorption 
fine structure (EXAFS) regions.  The EXAFS region was then converted to a reciprocal 
space (k-space, chi spectrum) representation and a Fourier transform was applied to the 
k3-weighted chi spectrum to produce a radial structure function (RSF).  The RSF can be 
considered a one-dimensional representation of the structure local to the absorbing atom, 
which is arsenic. 
 
3.3.4. Leaching Study 
 Arsenic leaching from ABDT-As(III) was studied at a pH of 5, 7 and 9 for 24 h, 
1, 2 and 3 weeks. The study was conducted by setting up 10 mg of ABDT-As(III) in 50 
mL of DI water in the above mentioned pH. Diluted HCl (0.5 M) and diluted KOH (0.5 
M) were used to adjust the pH of water. Blanks were also analyzed for the same pH and 
time intervals. After each time period, solutions were filtered through the 0.2 µm PTFE 
filter to remove solid particulate. Samples were then acidified with 2.5 mL concentrated 
HNO3 followed by digestion of samples in polypropylene digestion vessel at 950C for 6 
h. Samples were then cooled down and the volume of the samples was marked up to 50 
mL again with DI water. ABDT-As(III) (10 mg) was also digested in 50 mL DI water 
with 2.5 mL of concentrated HNO3 and 2.5 mL of H2O2 at 950C for 10 h to determine the 
concentration of arsenic in the stock solution. The stock solution was diluted 8 times 
prior to analysis to fit into the calibration curve. All other samples were analyzed without 
dilution of solution. Due to arsenic concentration in solutions in the ppm range, solutions 
were analyzed by ICP-OES at 193.7 nm to determine the arsenic concentration in 
samples. For quality control purposes, a duplicate sample (0.59% relative difference), a 
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matrix spiked with 2 ppm As (99% Recovery) and a As standard (5 ppm at 109% 
recovery) were included at the beginning of the analysis. The analyzed data are shown in 
Table 3.4. The blank samples contained no As and are not included in the table.  
 
3.4. Conclusions 
The binding of As(III) with ABDTH2 was demonstrated by synthesizing ABDT-
As(III).  As(III) was bonded with ABDTH2 through formation of As-S bonds. ABDT-
As(III) showed higher decomposition temperature in comparison to the melting point of 
ABDTH2. IR and 1H NMR indicated the formation of ABDT-As(III) compound. XAFS 
analysis showed the coordination of arsenic with three sulfur units similar to As2S3. The 
average bond distance was estimated to be 2.26 ± 0.01 Å, which was in the range of 
reported As-S bond distance of 2.24-2.28 Å.206,238,239  
This was an excellent indication of the ABDTH2’s capabilities to bind and capture 
As(III) as an alternative to BDTH2. It would be ideal to attach ABDTH2 on a solid-
support for the application as a remediation column. Binding the ligand to a solid surface 
will prevent the release of ABDTH2 as well as will increase the interaction of ligand with 
As(III) in solid/liquid interphase. Binding of ABDTH2 on solid-support would also prove 
beneficial by maximizing the surface area of the thiol binding sites and allowing for 
higher-flow scenarios that could not be achieved with a simpler column prepared by 
dispersing BDTH2 solid in quartz sand. 
 
 
Copyright © Partha Jana 2012 
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CHAPTER 4 
Preparation of Silica-Supported ABDTH2 (SiABDTH2) 
 
4.1. Introduction  
Silica gels are of great interest due to the presence of silanol groups which have 
importance in interface interaction in chromatography, as substrate adsorption in the 
catalytic process, and as composite filler into polymer matrix. Surface silanol groups can 
also be chemically modified by the reaction of surface hydroxyl groups with silane 
coupling agents which will improve physical and chemical properties. Further treatment 
is also possible to immobilize new organic functional molecules as chelating agents. 
Modified silica bonded with various chelating ligand have been widely used in 
preconcentration and removal of several metals such as mercury, copper, zinc, cadmium, 
lead, gold and silver.242,243 Thiol based compounds such as cysteine and cysteine-rich 
proteins showed promise for separation and preconcentration of heavy metals as selective 
chelating agents. The thiol group of these compounds interacts strongly with many soft 
heavy metals forming a strong M-S bond (M = Hg, Cd, Pb, As). Metallothionein (MT) is 
a family of cysteine-rich, low molecular weight (MW ranging from 500 to 14000 Da) 
proteins which has the capacity to bind both physiological (such as zinc, copper, 
selenium) and xenobiotic (such as cadmium, mercury, silver, arsenic) heavy metals 
through the thiol group of its cysteine residues.244 Due to its metal binding ability, 
cysteine and polycysteine immobilized on silica support have been synthesized as sorbent 
for heavy metal capture from aqueous and gas phases.161,245,246 Makkuni et. al. have 
designed cysteine and polycysteine based silica as shown in Figure 4.1 and 4.2, which 
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showed excellent mercury uptake from aqueous media.161 It was also observed that 
smaller particle size (0.015 mm) adsorbent had high dynamic capacity of ~ 50 mg/g Hg 
adsorbed in 1 min as compared to larger particle size (0.75 mm) which showed only ~5 
mg/g Hg adsorbed in 1 min. 
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Figure 4.1. Cysteine functionalized silica 
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Figure 4.2. Poly-L-Cysteine functionalized silica 
 
 Ethylene sulfide was immobilized on silica using 3-(trimethoxysily)propylamine 
as molecular linker between silica and active thiol (Figure 4.3). This solid supported thiol 
showed improved mercury removal than cadmium and lead as thiol has strong affinity 
towards mercury.247,248 
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Figure 4.3. Ethylene sulfide immobilized silica 
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The silica support is widely accepted for its high surface area, high thermal 
stability, cheap and easy availability. Silica contains a network of Si-O covalent bonds. 
The bond energy of Si-O in molecular lattice of silicon dioxide is 452 kJ/mol and the 
melting point is 1600oC. Depending on the particle size of silica, the surface area can be 
in the range of 500-800 m2/g.249,250 There are various methods available such as thermal 
gravimetric analysis, reaction with organometallic compound, spectroscopic analysis and 
solid state NMR for determining the concentration of hydroxyl groups on the silica 
surface. The amount of hydroxyl group on the surface depends on the method of 
measurement as it is difficult to separate total silanol groups and hydroxyl groups of 
adsorbed or ligated water. A deuterio-exchange experiment with mass spectrometric 
analysis was done for determining small amounts of water and hydroxyl groups on the 
surface of dispersed oxide adsorbents where it showed that there were 5.0 OH per nm2 
independent of the origin and structural characteristics (specific surface area, type of the 
pores, size distribution of the pores, particle packing density, structure of SiO2 
skeleton).251 Other experiments were conducted to confirm the presence of 3.3 OH per 
100 Å2 of Si60.252 This corresponds to 2.54 mmol SiOH per gram of material.   
Furthermore, the silanol reaction can utilize one, two, or three SiOH groups to introduce 
the amine group, with bonding to three SiOH being the most stable. This would allow the 
introduction of a maximum of 0.847 mmol ABDTH2 per gram of Si60.  
Functionalization or immobilization of active thiol molecule on silica surface is 
widely done using spacer molecule such as aminopropyltriethoxysilane (APTES). 
Surface modification is commonly carried out to introduce reactive groups on the silica 
particle surface by grafting organosilanes onto silica.253 APTES is a well known silane 
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coupling agent that is used in affinity-based application because of the silane group that 
can strongly bind to silicon or glass substrates having its amine group available for 
forming covalent bonds with carboxyl groups (functional groups that are commonly 
found in bio-molecules).  This is also used as a silane coupling agent for fiber-glass 
reinforced plastics by improving the adhesion of resin matrix to the fiber. 254,255  
This chapter explores the surface modification of silica gel (Si60) with APTES 
followed by the immobilization of ABDTH2 on modified silica through amide linkage.  
 
4.2. Results and Discussion 
SiABDTH2 was prepared in a two step synthetic pathway. The first step was the 
modification of the Si60 surface hydroxide groups with γ-aminopropyltriethoxysilane to 
form Si-O-Si siloxane linkage with pendant propylamine groups. The material was then 
treated with chlorotrimethylsilane to protect the potentially reactive silanol groups by 
converting them to trimethylsiloxy groups. With the application of ABDTH2 in heated 
ethanol, the carboxyl groups of ABDTH2 condensed with the free propylamines, forming 
amide (-CONH-) linkages. 
This synthesis resulted in ABDTH2 attached to the siloxane cage where Si-O-Si is 
very stable towards hydrolysis. It was found that SiO-Si bond in Si8O20[Si (CH3)2H]8 was 
prone to hydrolysis because Si was attached to hydrogen and the dimethylsilyl group of 
Si8O20[Si(CH3)2H]8 was readily removed from the Si8O208- silicate core by the reaction 
with methanol or H2O, while SiO-Si bond in Si8O20[Si(CH3)3]8 did not hydrolyze under 
the same condition due to the Si-C bond as all the coordination sites of Si are covalently 
bonded to either oxygen or carbon. This showed that trimethylsilyl group was strongly 
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attached to the Si8O208- silicate core. The stability of the Si–O–Si bond against 
alcoholysis or hydrolysis depended on the type of functional group attached to the silicon 
atom.256 SiABDTH2 was prepared by crosslinking of silanol group on silica surface and 
γ-aminopropyltriethoxy silane. In this case Si of γ-aminopropyltriethoxy silane was 
attached to the silica surface through three Si-O-Si linkages and it was also connected to 
the methylene carbon from aminopropyl group. The amide linkage on the silica surface is 
less likely to be hydrolyzed at neutral pH. The acid hydrolysis rate constant of amide 
decreased with the degree of substitution. In contrast, the base hydrolysis rate constant of 
amide increased with increased degree of substitution.257  
Prior to the surface modification, Si60 obtained from manufacturer was analyzed 
by particle size analyzer to obtain the size distribution of these particles (Figure 4.4). 
Particle size was varied widely in the range of 0.375 µm to 2000 µm with the average 
standard deviation of 643.9 when analyzed in triplicate. However the average mean 
particle size was 925.2 µm.  
 
 
 Figure 4.4. Particle size distribution of Si60 
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The IR spectra of SiABDTH2 showed the characteristic absorption for SH at 2545 
cm-1. A broad peak was observed at 3399 cm-1 attributed to the remaining COOH group 
on ABDTH2. Si60 had a sharp absorbance at 3447 cm-1 for the O-H bond.  The peak was 
absent in SiABDTH2. This confirmed that the SiOH group had been displaced by 
formation of Si-O-Si linkage through APTES treatment followed by treatment with 
Me3SiCl to create Si-O-SiMe3 linkages. 
Elemental analysis (EA) of both SiNH2 and Si ABDTH2 was conducted to 
determine presence of nitrogen and sulfur on SiNH2 and SiABDTH2, respectively. The 
nitrogen content in SiNH2 was determined to be 1.94 mmol/g of solid support which was 
higher than the reported value in literature.258 This suggested increased surface coverage 
by γ-aminopropyltriethoxy silane. The sulfur content in Si ABDTH2 was also determined 
to be 0.24 mmol/g of solid support suggesting the presence of 0.14 mmol of ABDTH2 per 
gram of solid support as 2 mmol of sulfur can be obtained from 1 mmol of ABDTH2.  
Silica particles modified with organic content on the surface of particles were 
analyzed by thermogravimetric analysis (TGA). Figure 4.5 shows the percent weight loss 
of Si60, SiNH2 and Si ABDTH2 with temperature. The percent weight loss of Si60 was 
very low compared to SiNH2 and Si ABDTH2. The curve showed initial 5.0% weight loss 
of Si60 (Figure 4.5 a) in the range of 300–2000 C which was attributed to the release of 
water and hydrocarbon contamination that were physically adsorbed on the surface. The 
molecular formula was derived to be SiO2.(H2O)0.18 based on the TGA curve. The 
following loss of mass of 1.50% at 4110C is related to the condensation of free silanol 
groups on the surface to form siloxane groups. The APTES modified Si60 (SiNH2) 
(Figure 4.5 b) showed a total mass loss of 21% without any definitive steps 
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corresponding to the decomposition of organic groups indicating the binding of APTES 
on the silica surface.247,253 The experiment was conducted in presence of air. The possible 
decomposition products of organic fraction in SiNH2 are CO2, NO2 and H2O. When 
organic fraction was heated at high temperature in presence of air, oxides of elements 
were produced. ABDTH2 immobilized Si60 (SiABDTH2) showed largest weight loss, a 
total of 26%, without any definitive steps, which was about 5% increase in mass loss 
compared to SiNH2 corresponding to further derivatization by ABDTH2 on SiNH2 
(Figure 4.5 c). 253,259 
 
 
Figure 4.5. Thermogravimetric analysis for (a) Si60, (b) SiNH2 and (c) SiABDTH2 
 
The ABDTH2 loading on SiABDTH2 was also determined by inductive coupled 
plasma-optical emission spectroscopy (ICP-OES). SiABDTH2 was digested in aqueous 
media in presence of strong acid and peroxide to break down organic content present on 
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the surface of SiABDTH2 and analyzed for sulfur concentration of aqueous solution by 
ICP-OES. As determined by ICP-OES analysis, sulfur content (Table 4.1) was be 0.270 – 
0.273 mmol S per gram SiABDTH2 beads or an ABDTH2 loading of 0.135 – 0.137 mmol 
per gram of beads for the 20 g scale preparations.  
 
Table 4.1. Sulfur concentration and ABDTH2 loading per g of SiABDTH2 in different 
batches 
Sample 
Raw [S] 
(ppm) 
Final [S] 
(ppm) 
mmol S/ g 
beads 
mmol 
ABDTH2/g  
9 g SiABDTH2 8.69 ± 0.19 86.9 ± 1.9 0.271 ± 0.006 0.136 ± 0.003 
48 g SiABDTH2 29.95 ± 1.14 299.5 ±11.4 0.468 ± 0.017 0.234 ± 0.009 
93 g SiABDTH2 4.78 ± 0.33 478.0 ± 33.8 0.747 ± 0.052 0.373 ± 0.026 
131 g SiABDTH2 2.93 ± 0.12 146.2 ± 5.9 0.229 ± 0.009 0.114 ± 0.005 
 
The titration of SiABDTH2 was carried out using dilute sodium hydroxide to 
arrive at the average pKa value of 3.30 for SiABDTH2 (Figure 4.6), which was very close 
to the first pKa of ABDTH2. This suggested that the second carboxylate group of 
ABDTH2 was connected to the silica surface through a amide linkage. Having a free 
carboxylate group on SiABDTH2 will be advantageous to arsenic removal during column 
study as the arsenic species such as [H2AsO3]-, [HAsO3]2- in water will interact with the 
carboxylate group through hydrogen bonding and bring the arsenic species in close 
proximity to the sulfur of ABDTH2.  
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Figure 4.6. Titration of SiABDTH2 with NaOH 
 
Immobilization of ABDTH2 on silica was carried out in different batches with 
various amount of starting materials to compare the variation of ABDTH2 loading on 
modified silica. It was observed that initially ABDTH2 loading per gram of solid support 
was increased with increasing amount of SiNH2 for the reaction. Though, further increase 
in amount of SiNH2 did not increase the ABDTH2 loading per gram of solid. ABDTH2 
loading per gram of modified silica increased from 0.136 mmol to 0.234 mmol (Table 
4.1) when the preparation batch was increased from 20 g to 50 g with increasing solvent 
content. It was further increased to 0.373 mmol (Table 4.1) with increased batch content 
to 60 g. However, the increase in the batch content of Si60 to 90 g without increasing the 
solvent content for the reaction did not improve ABDTH2 loading per gram of modified 
silica, it decreased the ABDTH2 loading to 0.114 mmol (Table 4.1). The characterization 
data indicated that ABDTH2 had been immobilized on silica support with modification of 
silica surface with γ-aminopropytriethoxysilane. The preparation of SiABDTH2 in 
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different batches indicated that it can be prepared in large scale. However different 
parameters need to be optimized to obtain best results.  
 
4.3. Experimental 
4.3.1. Materials and Techniques 
 All chemicals were obtained from the commercial sources and used as received. 
Solvents were obtained in reagent grade for the reaction purpose. Silica gel (Si60) with 
surface area of 500 m2 g-1, pore size ~ 60 Å, pore volume ~ 0.75 ml g-1 was obtained 
from Macherey Nagel. The particle size of silica gel was in the range of 0.5 to 1.0 mm 
(18-35 mesh, ASTM grade). γ-Aminopropyltriethoxysilane and chlorotrimethylsilane 
(Me3SiCl, 98%) were purchased from MP Biomedicals, LLC as laboratory grade and 
Acros Organics, respectively. Chloroform from Acros Organics, ethyl alcohol from 
Fisher Scientific and toluene from EM science were used as received. DI water was used 
for the analytical purpose as mentioned in the experimental. Omni trace hydrochloric 
acid (HCl) and nitric acid (HNO3) were purchase from EMD. Infrared (IR) spectra of the 
compounds were produced with a model Nicolet Avatar 370 DTGS IR 
spectrophotometer manufactured by Thermo Electron Corporation. Solid samples were 
scanned using KBr. Elemental analysis was obtained in the Center for Advanced Energy 
Research Facility at the University of Kentucky. Thermogravimetric analysis of samples 
were obtained on TA instrument 2950 TGA HR V5.4A by heating from 300C to 10000C 
at a heating rate of 200C/min. Samples were scanned at high resolution dynamic method 
on a platinum pan under air with varying sample size of 3.5-6.0 mg during analysis. 
Sulfur concentration in aqueous solution was determined by Varian Vista Pro CCD 
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Simultaneous Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES). 
Particle size of silica was analyzed in Beckman Coulter LS 13 320 instrument.  
   
4.3.2. Scale-up Procedure 
4.3.2.1. 9 g SiABDTH2 
SiNH2: A suspension of silica-60 (20 g) in toluene (500 mL) was refluxed with γ-
aminopropyltriethoxysilane (15.70 g, 71.36 mmol) in chloroform (40 mL) at ~1000C for 
48 h. After refluxing, the solid was filtered and washed with CHCl3 (5 x 80 mL), and 
dried under vacuum for 12 h. The dried solid was then soaked in a solution of Me3SiCl 
(31.28 g, 286.97 mmol) in toluene (350 ml) at room temperature for 24 h. After soaking, 
the solid was filtered and washed with acetone (10 × 40 mL) and diethyl ether (10 × 15 
mL) and dried under vacuum at 1000C for 5 h. This resulted in isolation of 25.81 g of 
solid. Me3SiCl will bind with any unreacted –OH on the solid to form –OSiMe3 to block 
the reactivity of the hydroxyl groups on the silica surface. 
 
SiABDTH2: Silica-NH2 (9.0 g) was refluxed in a solution of ABDTH2 (22.78 mmol, 
8.50 g) in ethanol (500 mL) for 24 h. After refluxing, the solid was filtered and washed 
with ethanol (12 x 50 mL) and dried under vacuum yielding 8.6 g. 
 
Characterization: The surface modification of the silica particle with amine followed 
by thiol functional groups was characterized by infrared spectroscopy (IR), elemental 
analysis (EA) and thermogravimetric analysis (TGA). Particles were also analyzed for 
particle size distribution. EA provided nitrogen content and also sulfur content on the 
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silica particle. ICP-OES analysis of sulfur element on modified silica particle was also 
conducted to determine the loading of thiol chelator (ABDTH2) on silica.  
 
Infrared Spectroscopy: IR was carried out for both SiNH2 and SiABDTH2 to determine 
the functionality (-NH2, -CH2-, -OH) on the silica surface. A peak at 3434 cm-1 was 
observed for N-H in SiNH2. The peak intensity of O-H in Si60 at 3459 cm-1 was 
decreased drastically after treatment of Si60 particles with APTES. A broad peak at 3440 
cm-1 for carboxylic acid and a peak at 3050 cm-1 for sp2 C-H were observed in 
SiABDTH2. There was also a peak at 1538 cm-1 (N-H) that was observed due to the 
formation of amide linkage. 
 
Elemental Analysis (%): The experimental EA of SiNH2 showed the presence of 
elements as follows C 7.71; H 2.42; N 2.72; O 9.37; Si 32.87; S 0.03; (Si60: C 0.05; H 
1.26; N 0.01; O 7.22; Si 42.60; S <0.01). From the experimental analysis, nitrogen 
content was 1.94 mmol/g SiNH2. Similarly EA of SiABDTH2 was as follow - C 10.33; H 
2.68; N 2.89; O 12.04; Si 26.88; S 0.76; (Si60: C 0.05; H 1.26; N 0.01; O 7.22; Si 42.60; 
S <0.01) and the sulfur content was 0.24 mmol/g of SiABDTH2. 
 
Thermogravimetric Analysis (TGA): Thermogravimetric curve of Si60 and modified 
silica (SiNH2 and SiABDTH2) was obtained in Universal V3.9A TA instrument in the 
temperature range between 300C and 10000C with the rate of increase of 200C/min at air 
flow rate of 110/55 mL/min. The thermogravimetric curve is shown in Figure 4.5.  
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ICP-OES analysis of Sulfur: SiABDTH2 beads (500 mg) were digested at 1100C for 20 
h by addition of 10 mL water, 10 mL 1:1 HNO3:H2O, 5 mL conc. HNO3 and 10 mL conc. 
HCl. After digestion, the sample was diluted to 50 mL by addition of DI water and the 
solutions were filtered through a 0.2 µm Teflon filter to isolate the beads in order to 
analyze the filtrate. The solutions were then analyzed by ICP to determine the sulfur 
content (Table 4.1). The sulfur content was determined by ICP-OES analysis at a 
wavelength of 181.972 nm with an operating power of 1.20 kW and sample replicate read 
time of 2.00 s. Yttrium measured at 371.029 nm was used as an internal standard for the 
analysis. Samples were diluted by a factor of 10 prior to analysis. Quality control of the 
analysis was maintained by conducting the analysis of duplicate sample (0.57% RSD), 
matrix spike (98% recovery) and sulfur standards (5 ppm, 105% recovery and 10 ppm, 
102% recovery at 181.972 nm) 
 
Particle Size Distribution of Si60: Particle size distribution of Si60 was analyzed by a 
Beckman Coulter LS 13 320 particle size analyzer in triplicate. The mean particle size of 
the triplicate samples was 920.4 µm, 928.8 µm and 926.4 µm, respectively. Particle size 
distribution of three analyses was in the range of 0.375 μm to 2000 μm with standard 
deviation of 357.8 μm, 396.0 μm and 360.3 μm. The distributions are shown in Figures 
4.4.  
 
4.3.2.2. 48 g SiABDTH2 
SiNH2: A suspension of silica-60 (Si60, 50 g, 18-35 mesh; 0.5-1.0 mm) in toluene (700 
mL) was refluxed with γ-aminopropyltriethoxysilane (39.25 g, 178.4 mmol) in 
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chloroform (60 mL) at 100oC for 48 h before the solid was isolated by filtration, washed 
with CHCl3 (7 x 100 mL) and dried under vacuum for 12 h. The solid was then 
suspended in a solution of Me3SiCl (42.5 g, 389.90 mmol) in toluene (500 mL) at room 
temperature for 24 h, filtered, washed with acetone (10 × 60 mL) and diethyl ether (10 × 
25 mL), and dried under vacuum at 100oC for 5 h resulting in 61.21 g of SiNH2.  
 
SiABDTH2: SiNH2 (50 g) was refluxed in a solution of ABDTH2 (50.08 g, 134.26 
mmol) in ethanol (700 mL) for 24 h before filtration, washing with ethanol (15 x 50 mL) 
and drying under vacuum to yield 48.2 g of SiABDTH2. 
 
Characterization: SiABDTH2 beads (1.0 g) were digested at 110oC for 20 h by 
sequential addition of 10 mL water, 10 mL 1:1 HNO3:H2O, 5 mL concentrated nitric 
acid and 10 mL concentrated HCl. Post-digestion, the sample was diluted to 50 mL by 
addition of DI water and the solution was filtered through 0.2 µm Teflon filter to isolate 
the beads. The sulfur content was determined by ICP-OES analysis at a wavelength of 
180.669 nm with an operating power of 1.20 kW and sample replicate read time of 2.00 
s. Yttrium measured at 371.029 nm was used as internal standard for the analysis. 
Duplicate samples (0.23% RSD), matrix spike (101% recovery) and sulfur standards (20 
ppm, 100% recovery and 40 ppm, 102% recovery at 180.669 nm) were included in the 
analysis for quality control. Samples were diluted by a factor of 10 prior to analysis. 
ABDTH2 loading was calculated from sulfur analysis of SiABDTH2 to be 0.235 mmol g-
1. Raw data and calculated values are shown in Table 4.1. 
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4.3.2.3. 93 g SiABDTH2 
SiNH2: A suspension of Si60 (60 g) in toluene (1500 mL) was refluxed with γ-
aminopropyltriethoxysilane (47.10 g, 212.76 mmol) in chloroform (120 mL) at 130oC 
for 48 h. After refluxing, the solid was isolated by filtration, washed with CHCl3 (5 x 
100 mL) and dried under vacuum for 12 h. The solid was then suspended in a solution of 
Me3SiCl (100 mL) in toluene (500 mL) at room temperature for 24 h. The solid was 
filtered, washed with acetone (5 x 100 mL) and diethyl ether (5 x 100 mL), and dried 
under vacuum at 100oC for 5 h resulting in the isolation of 83 g of solid SiNH2. 
 
 SiABDTH2: SiNH2 (83g) was combined with ABDTH2 (83g, 223 mmol) in ethanol 
(1500 mL) and refluxed for 24 h. The solid was isolated by filtration, washed with 
ethanol (4 x 500 mL) and dried under vacuum for 12 h to yield 92.5 g solid SiABDTH2. 
 
Characterization: SiABDTH2 was analyzed by ICP-OES to determine the ABDTH2 
loading on silica. SiABDTH2 was digested in triplicate with 1.0 g of material by addition 
of water (50 mL, DI), nitric acid (2.5 mL, concentrated, Omnitrace), hydrochloric acid 
(2.5 mL, concentrated, Omnitrace) and heating to 100oC for 20 h. The longer time 
caused complete digestion of the organic component from the insoluble solid support as 
hydrogen peroxide could not be used as an oxidizing agent due to the presence of 
considerable amount of sulfur. After digestion, the volume was brought to 50 mL with 
DI water and the suspension was syringe filtered (0.2 µm, Teflon, Environmental 
Express) prior to analysis by ICP-OES for sulfur content at a wavelength of 181.972 nm. 
The ICP was operated at 1.20 kW and with a sample replicate read time of 2.00 s. 
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Yttrium measured at 371.029 nm was used as an internal standard. Duplicate samples 
(1.39% RSD), matrix spike (101% recovery) and sulfur check standards (2 ppm, 100% 
recovery and 5 ppm, 101% recovery at 181.972 nm) were included in the analysis for 
quality control. Samples were diluted 100-fold prior to analysis. Raw data and calculated 
values are shown in Table 4.1. 
 
4.3.2.4. 131 g SiABDTH2 
SiNH2: A suspension of Si60 (90 g) in toluene (1500 mL) was refluxed with γ-
aminopropyltriethoxysilane (70 g, 316.2 mmol) in chloroform (120 mL) in a 3 L round 
bottom flask at 130oC for 48 h. After refluxing, the solid from each batch was isolated 
by filtration, washed with CHCl3 (5 x 100 mL) and dried under vacuum for 12 h 
separately. The solid was then suspended in a solution of Me3SiCl (150 mL) in toluene 
(500 mL) at room temperature for 24 h. The solid was filtered, washed with acetone (5 x 
100 mL) followed by washing with diethyl ether (5 x 100 mL) and dried under vacuum 
at 100oC for 5 h resulting in the isolation of 115 g of solid SiNH2. 
 
SiABDTH2: SiNH2 (115 g) was combined with ABDTH2 (86 g, 231 mmol) in ethanol 
(1500 mL) and refluxed for 24 h separately. The solid was then isolated by filtration 
followed by a combination of washing (4 x 500 mL) and soaking (2 x 500 mL) with 
ethanol over a period of 4 h and then dried under vacuum for 12 h to yield 131 g of solid 
SiABDTH2. 
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Characterization: Sulfur content in SiABDTH2 was determined by ICP-OES. Samples 
were digested in triplicate by taking 1.0 g of sample with addition of water (50 mL, DI), 
nitric acid (2.5 mL, concentrated, Omnitrace), hydrochloric acid (2.5 mL, concentrated, 
Omnitrace) and heating to 100oC for 20 h. The longer time was provided for complete 
digestion of the organic part from the insoluble solid support as hydrogen peroxide could 
not be used as an oxidizing agent due to presence of considerable amount of sulfur. After 
digestion, the volume was brought to 50 mL with DI water and the suspension was 
syringe filtered (0.2 µm, Teflon, Environmental Express) prior to analysis by ICP-OES 
for sulfur content at a wavelength of 181.972 nm. The ICP was operated at 1.20 kW and 
with a sample replicate read time of 2.00 s. Yttrium measured at 371.029 nm was used as 
an internal standard. Duplicate samples (0.35% RD), matrix spike (103% recovery) and 
sulfur standards (2 ppm, 101% recovery and 5 ppm, 101% recovery at 181.972 nm) were 
included in the analysis for quality control. Samples were diluted 50-fold prior to 
analysis. Raw data and calculated values are shown in Table 4.1. The ICP analysis of 
sulfur content of SiABDTH2 confirms the binding of about 0.114 mmol of ABDTH2 per 
gm of SiABDTH2 in both batches.  
 
4.3.3. Titrations of SiABDTH2 
SiABDTH2 (1.02 g, 37 mmol ABDTH2) was slurried in 100 mL DI water and 
allowed to stir for 10 min before titrating with dilute NaOH (0.024 M, 978.9 mg in 1000 
mL). The initial pH of the SiABDTH2 slurry was 2.90 and increased with the addition of 
NaOH to generate the curve shown in Figure 4.4. From the titration curve a pKa of 3.30 
was calculated for SiABDTH2 which was close to pKa1 of ABDTH2 (3.60). A second and 
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third titration was conducted for triplicate measurements of pKa. SiABDTH2 (0.99 g and 
1.01 g) was slurried again in DI water (100 mL) with an initial pH of 2.55 and 2.78, 
respectively, followed by titration with NaOH (0.026 M) by dispensing either 100 µL and 
500 µL to yield the titration curves. From these data, the average pKa value of 3.10 (± 
0.26) was calculated. 
 
4.4. Conclusions 
ABDTH2 was immobilized on Si60 by modifying the silica surface with APTES. 
The higher decomposition temperature of organic component in TGA analysis of 
SiABDTH2 indicated the immobilization of ABDTH2 on the silica surface. Elemental 
analysis and ICP-OES analysis also confirmed the presence of  ABDTH2 on silica. 
SiABDTH2 was prepared in different batches of various amounts of starting materials. 
ABDTH2 loading on silica surface was increased until 60 g scale preparation. However, 
with increasing the batch scale to 90 g of Si60 did not improve the ABDTH2 loading on 
silica. SiABDTH2 would be an excellent solid-supported thiol to apply as filtration 
column material for the removal of arsenic from water.  
 
 
 
 
 
 
Copyright © Partha Jana 2012 
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CHAPTER 5 
Arsenic and Mercury Removal Using SiABDTH2 
 
5.1. Introduction 
 The contamination of surface and ground water with heavy metals and metalloids 
is one of the major environmental concerns at present. Heavy metals and metalloids such 
as cadmium (Cd), mercury (Hg), lead (Pb) and arsenic (As) adversely affect human 
health and the natural ecosystem due to their acute and long term toxicity.260 Amongst 
all these elements released into the environment, particular concern has been raised 
about the transport and accumulation of arsenic and mercury. Both As and Hg are 
ubiquitous in nature, non-biodegradable and toxic to the environment. Arsenic 
contamination of groundwater in several parts of the world poses severe health concern 
as groundwater is extensively used for drinking water, household and agricultural use. 
As mercury is released into environment from both natural and anthropogenic sources, in 
these areas mercury bioaccumulation is another major health concern effecting neurons, 
heart, lungs, and muscles causing chronic mercury toxicity.181,261 Due to the high toxicity 
of these elements, the U.S. Environmental Protection Agency (EPA) has set the 
maximum contaminant level (MCL) of 10 µg/L (ppb) arsenic and 2 µg/L (ppb) mercury 
in drinking water.177,178,262 
 Extensive research needs to be carried out to develop new materials and 
technology to remove these toxic metals from contaminated drinking water, groundwater 
and various other media. Several common mitigation and remediation methods such as 
phytoremediation, bioremediation, activated carbon, adsorption, ion-exchange resin, 
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electrolytic or liquid extraction, electrodialysis, reverse osmosis, chelating fiber and 
precipitating agents are available that can be employed separately or in combination to 
remove arsenic and mercury from drinking water and wastewater.  Coagulation and 
precipitation of the toxic metals with sulfur containing reagents is perhaps the most 
effective way for large scale treatment process. This method however leads to the 
additional issue of handling large amounts of toxic sludge. Low-cost solid supported 
adsorbent could be an attractive alternative means of removing toxic metal by 
adsorption. Many researchers have used silica coated with cysteine, polycysteine and 
other sulfur containing reagents to remove and/or recover heavy metals in aqueous and 
gas phase.246 BDTH2 is an inexpensive and effective precipitating agent of soft heavy 
metals from aqueous media by forming stable metal ligand complexes. It can reduce 
arsenic and mercury concentrations in the ppm to ppb range by complete precipitation of 
the BDT-metal compound, to below instrumental detection limits.172 Due to the absence 
of reactive functional groups other than thiol, it cannot be immobilized on solid support 
like silica for use as filtration column material for removing arsenic and other toxic 
metals. As a result, an acid derivative of BDTH2 (ABDTH2) has been synthesized and 
immobilized on silica to prepare SiABDTH2. This chapter discusses the arsenic and 
mercury uptake ability of SiABDTH2 from aqueous media through chemisorption. 
Chemisorption is a process where adsorption is occurring through chemical reactions on 
the exposed surface of the adsorbent.  
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5.2. Results and Discussion 
5.2.1. Arsenic Removal Batch Study 
 Aqueous solutions of arsenic at pH 5, 7 and 9 were treated with SiABDTH2. The 
pH range of 5-9 was used for the experiment as pH of groundwater varies in the range of 
6-8 depending on the condition of soil and sediments. Approximately 200 ppb aqueous 
arsenic solution was prepared at desired pH by mixing 8.70 mg, 8.66 mg and 8.66 mg of 
NaAsO2, respectively, in 50 mL DI water to obtain 100 ppm solution followed by serial 
dilutions to prepare desired concentration of 200 ppb arsenic solution. NaAsO2 form 
anionic arsenious acid species Na[H2AsO3] in water. NaAsO2 is a oxide donor which 
acts as Lux-Flood base, whereas H2O is a oxide acceptor and acts as acid. Arsenic stock 
solutions at different pH values were analyzed by graphite furnace atomic absorption 
(GFAA) spectroscopy to determine the actual concentration of arsenic in the stock 
solutions as 222.1, 233.1 and 196.9 ppb at pH 5, 7 and 9, respectively. Aqueous arsenic 
solution was then treated with SiABDTH2 in the respective pH solutions for 24 h, 
followed by filtration through 0.2 µm Teflon filter to remove particulate from solutions. 
Filtrate was then digested at 950C with concentrated nitric acid and analyzed by GFAA 
to detect low level concentration of arsenic in aqueous solution. GFAA spectroscopy 
instrument has a detection range of 5 – 50 ppb arsenic. As a result higher concentration 
solutions were diluted in order to measure the arsenic concentration within the 
instrumental limit. Arsenic stock solution of 50 mL 222.1 ppb arsenic aqueous solution 
at pH 5 was stirred with 0.6 g of SiABDTH2 for 24 h before the analysis of arsenic 
concentration in the SiABDTH2 treated solution by GFAA. The instrumental and 
calculated values of spectroscopic analysis for pH 5 solution are shown in Table 5.1. 
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GFAA analysis showed that arsenic concentration in the treated solution was less than 5 
ppb which is the lower detection limit of the instrument indicating 100% arsenic capture 
by 0.6 g of SiABDTH2. Arsenic stock solution of 50 mL of 222.1 ppb at pH 5 was also 
stirred with 0.4 g and 0.2 g of SiABDTH2, respectively, for 24 h prior to analysis. In 
both cases arsenic concentration in treated aqueous solution was less than 5 ppb. 
 Aqueous arsenic solutions at pH 7 and 9 were also treated with SiABDTH2 and a 
similar trend was observed as shown in Table 5.1. When 50 mL of 213.0 ppb aqueous 
arsenic solution at pH 7 was stirred with 0.6, 0.4 and 0.2 g of SiABDTH2 separately, 
arsenic concentration in solution was decreased to below 5 ppb with as low as 0.2 g of 
SiABDTH2. Similarly, SiABDTH2 also removed 100% arsenic from 50 mL of 233.1 pbb 
arsenic solution at pH 9 when stirred with 0.6, 0.4 and 0.2 g of SiABDTH2. 
 
Table 5.1. Determination of As removal by SiABDTH2 at pH 5, 7 and 9 
 pH 5 % 
Capture 
pH 7 % 
Capture 
pH 9 % 
Capture 
As stock 
222.1 ± 
5.9 
N/A 
213.0 ± 
6.2 
N/A 
233.1 ± 
5.1 
N/A 
0.2 g SiABDTH2 < 5.0 100% < 5.0 100% < 5.0 100% 
0.4 g SiABDTH2 < 5.0 100% < 5.0 100% < 5.0 100% 
0.6 g SiABDTH2 < 5.0 100% < 5.0 100% < 5.0 100% 
 
A time dependent arsenic removal by SiABDTH2 from aqueous solution study 
was also carried out to explore the effectiveness of SiABDTH2 in a shorter period of 
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time. In this study, SiABDTH2 was treated with approximately 200 ppb of 50 mL 
aqueous arsenic solution at pH 5, 7 and 9. SiABDTH2 of 0.2 and 0.6 g was stirred with 
solutions contain arsenic for 1, 2 and 5 h, respectively, (Table 5.2, 5.3 and 5.4). Desired 
aqueous arsenic solutions were obtained by dilution of stock solution prepared by 
mixing NaAsO2 in DI water. The study showed that at pH 5, 0.2 g of SiABDTH2 
captured 25% of arsenic within 1 h of contact time. But percentage of arsenic capture 
was increased to 37% and 74% by increasing the contact time to 2 and 5 h, respectively. 
When SiABDTH2 loading was increased to 0.6 g at same pH, percentage of arsenic 
binding was increased to 34% within 1 h followed by 69% and 93% after 2 h and 5 h, 
respectively. At pH 7 and 9, a similar trend was observed. At pH 7, 0.2 g of SiABDTH2 
removed 41%, 56% and 79% of arsenic in 1, 2 and 5 h, respectively. Whereas 0.6 g of 
SiABDTH2 removed 54%, 86% and 100% of arsenic in the same time periods. Similarly 
at pH 9, 0.2 and 0.6 g of SiABDTH2 captured 31%, 41% and 72%, and 50%, 67% and 
92% in 1, 2 and 5 h, respectively. Lower percent binding of arsenic in shorter period of 
time was attributed to the presence of non-anionic species of arsenious acid. However 
the percentage of arsenic removal with time reaches plateau at very low and high 
concentration as reaction equilibrium reaches with time. A deuterium exchange kinetic 
study can be conducted to determine the availability of ABDTH2 ligand at different 
concentration of deuterium. The adsorption of arsenic by SiABDTH2 was also dependent 
on pH. Figure 5.1 and 5.2 illustrates the adsorption of As(III) by SiABDTH2 at different 
pH for 1, 2 and 5 h. Maximum adsorption of arsenic was observed at pH 7. Adsorption 
of arsenic was increased when pH was increased from 5 to 7 but decreased at pH 9. At 
lower pH, H3AsO3 is the predominant species. Thiol of SiABDTH2 is also present in 
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protonated form. This resulted in poor binding interaction between As(III) species and 
thiol group of SiABDTH2 at pH 5. As pH of solution increases, [H2AsO3]- species starts 
to appear in solution which resulted in increase in percentage of As(III) at pH 7. 
However as the pH of solution increases, deprotonation of thiol groups present on the 
solid surface leads to the formation of thiolates. Also at higher pH arsenious acid is 
present in the form of anionic species of [H2AsO3]- and [HAsO3]2-. As a result of the 
electrostatic repulsion between the anionic arsenious species and thiolates, arsenic 
capture at higher pH decreases.103,104,167,231 
As(III) removal study indicated that SiABDTH2 has demonstrated excellent 
capture ability of As(III) from aqueous solutions compared to other existing arsenic 
sorbents. It removed 100% As(III) over the pH range of 5-9 under laboratory conditions. 
Activated alumina (AA), activated carbon and iron based materials showed arsenic 
capture ability. However, these materials can only remove As(V) in the range of 80% - 
96% depending on the pH of solutions, the effect of dissolved oxygen and the nature of 
surface of the sorbents.128,131,147 On the other hand these materials showed poor As(III) 
capture capability. As a result, preoxidation of As(III) is required in most cases for the 
removal of As(III). Membrane filtration processes are other absorption techniques that 
showed complete arsenic removal capacity, but the operating cost and small scale 
applications are remain issues.152 The extensive use of the ground water in many 
countries leads to the prolonged exposure of arsenic present in the ground water. As(III) 
is also the major oxidation of state of arsenic species present in the ground water. As a 
result, easy and inexpensive removal of As(III) is remain focus of research. In this 
regard, SiABDTH2 has demonstrated complete removal of As(III) from 50 mL 200 ppb 
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aqueous solutions over the pH range of 5-9. Use of silica as solid support also makes it 
cost effective due to its abundance in nature.  
 
Table 5.2. Time dependent As removal by SiABDTH2 at pH 5 
Sample ID Time Conc. (µg/L) Stdev. % Remed. 
As stock   196.9 ± 3.21 N/A 
0.2 g 
SiABDTH2 
1 h 146.8 ± 0.84 25% 
2 h 123.6 ± 2.18 37% 
5 h 51.4 ± 0.40 74% 
0.6 g 
SiABDTH2 
1 h 129.4 ± 2.10 34% 
2 h 60.1 ± 0.57 69% 
5 h 14 ± 0.05 93% 
 
 
Table 5.3. Time dependent As removal by SiABDTH2 at pH 7  
Sample ID Time Conc. (µg/L) Stdev. % Remed. 
As stock   249.4 ± 0.60 N/A 
0.2 g 
SiABDTH2 
1 h 146.6 ± 0.23 41% 
2 h 109.8 ± 1.90 56% 
5 h 53.2 ± 0.57 79% 
0.6 g 
SiABDTH2 
1 h 114.5 ± 0.98 54% 
2 h 33.9 ± 0.24 86% 
5 h < 5.0 N/A 100% 
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Table 5.4. Time dependent As removal by SiABDTH2 at pH 9 
Sample ID Time Conc. (µg/L) Stdev. % Remed. 
As stock   192.1 ± 1.42 N/A 
0.2 g 
SiABDTH2 
1 h 131.7 ± 1.53 31% 
2 h 112.4 ± 1.76 41% 
5 h 54.5 ± 0.15 72% 
0.6 g 
SiABDTH2 
1 h 96.2 ± 0.84 50% 
2 h 63.5 ± 0.55 67% 
5 h 14.6 ± 0.14 92% 
     
 
 
 
Figure 5.1. Removal of As(III) from water by 0.2 g of SiABDTH2 as a function of pH 
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  Figure 5.2. Removal of As(III) from water by 0.6 g of SiABDTH2 as a function of pH 
 
5.2.2. Arsenic Leaching Study of SiABDT-As(III) 
 A leaching study of arsenic from SiABDT-As(III) was carried out by putting the 
material at pH 5, 7 and 9 for 24 h, 1, 2, 3 and 4 weeks and the results are shown in Table 
5.5. Arsenic concentration in solutions was analyzed by GFAA spectroscopic analysis at 
a wavelength of 193.7 nm. Leaching study showed that 12-29% of arsenic leached back 
into water at pH 5, 7 and 9. The percentage of leaching remained almost constant over 
several weeks suggesting that certain percent of arsenic was bonded to physisorbed 
ABDTH2 on solid surface which was leaching back to water. The leaching of arsenic is 
most likely due to presence of physisorbed arsenic as well as oxidation of As(III) to 
As(V) and its subsequent release from ABDT-As(III)  in aqueous solution. As a result 
ABDTH2 will be regenerated for further As(III) binding.  
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Table 5.5. As leaching from 0.2 g of SiABDT-As(III) after 24 h, 1, 2, 3 and 4 weeks 
  
 
 
Time pH Final [As] ppb As (mg)/0.2 
g SiABDT-
As(III) 
As (mg) 
Leached 
% As 
Leached 
As Stock  9144 ± 528 0.45   
24 h 
5 1937.0 ± 43.0  0.10 21 
7 1735.0 ± 23.0  0.09 19 
9 1678.0 ± 32.0  0.08 18 
1 week 
5 1715.0 ± 26.0  0.09 19 
7 1576.0 ± 30.0  0.08 17 
9 1449.0 ± 29.0  0.07 16 
2 weeks 
5 16.81 ± 30.0  0.08 18 
7 2279.0 ± 21.0  0.11 25 
9 1948.0 ± 107.0  0.10 21 
3 weeks 
5 2431.0 ± 89.0  0.12 27 
7 2219.0 ± 6.0  0.11 24 
9 1086.0 ± 41.0  0.05 12 
4 weeks 
5 2687.0 ± 61.0  0.13 29 
7 2634.0 ± 42.0  0.13 29 
9 1621.0 ± 48.0  0.08 18 
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5.2.3. XAFS Study of Arsenic Sorbents  
The arsenic binding environment in SiABDT-As(III) and SiABDT-As(III)LCH was 
determined by performing XAFS spectroscopy on the arsenic sorbents. SiABDT-
As(III)LCH was obtained by leaching off arsenic from SiABDT-As(III) in aqueous 
solution. As a result any physisorbed arsenic should be leached back to water. The study 
was conducted at the K-edge of arsenic in SiABDT-As(III), SiABDT-As(III)LCH with 
synthetic orpiment (As2S3) as reference material. The spectra for arsenic in SiABDT-
As(III) and SiABDT-As(III)LCH were very similar to the spectrum of As2S3. The overall 
shape and position of the major peaks in the XANES and RSF spectra of all four 
materials are virtually same. Although the corresponding spectrum of As2S3 showed 
different intensity in spectral features, it exhibited major peaks at about the same 
positions as sorbent samples. This similarity implies strongly that the bonding for arsenic 
in the sorbent samples is similar to that in arsenic sulfide. The arsenic K-edge XANES 
spectra of the compounds are shown in Figure 5.3. The absorption energy of arsenic in 
SiABDT-As(III) and SiABDT-As(III)LCH was very similar to the arsenic K-edge 
absorption peak position in As2S3. In all these compounds, the K-edge value (eV) was 
11866 eV in close agreement with the K-edge value observed in As2S3 suggesting that 
the oxidation state of arsenic in SiABDT-As(III) and SiABDT-As(III)LCH was +3.156 
Figure 5.4 shows the EXAFS region of XAFS spectra for As2S3 and SiABDT-As(III) 
and SiABDT-As(III)LCH. The oscillations in EXAFS were converted to reciprocal space 
(k-space, chi spectrum in Å-1) representation and weighted by k3.   
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Figure 5.3. Arsenic K-edge spectra for As2S3, SiABDT-As(III)LCH and SiABDT-As(III)  
 
 
Figure 5.4. Arsenic EXAFS (k3chi) spectra for As2S3 and arsenic sorbents SiABDT-
As(III)LCH and SiABDT-As(III) 
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The radial structure function (RSF) of arsenic sorbents is shown in Figure 5.5. 
RSF spectrum was obtained by applying Fourier Transform to the spectra in Figure 5.4. 
It is considered as a one-dimensional representation of the structure local to the 
absorbing atom which is arsenic in these materials. It is possible to estimate the distance 
(R in Å) of As-S bond and the coordination number (CN) by applying data fitting 
procedures in the IFEFFIT XAFS data analysis package. The crystal structure of 
orpiment, naturally occurring As2S3, was refined by Mullen and Nowacki and the details 
were published in 1972 in Z. Kristallographie.238 The structure consists of continuous 
As-S layers in the a-c plane, in which each As atom is coordinated to three S atoms at an 
average distance of 2.283 Å.  The distance between adjacent layers is much larger, 
approximately 3.3 Å.  Hence, the major peak in the RSF corresponds to the threefold As-
S coordination within the layers.  Using the program TKAtoms236, one of the programs 
in the IFEFFIT XAFS data analysis package237, the As-S coordination shell was modeled 
based on the crystallographic details given in the paper by Mullen and Nowacki to 
obtain XAFS parametric data for As-S coordination.  Using these parametric data and a 
second program, SixPack, in the same data analysis package, least-squares fitting of the 
EXAFS data was carried out for As2S3.237,263 The results for As2S3 are summarized in 
Table 5.6.  In the fitting, the coordination number, N, was fixed at 3 in order to obtain a 
value of 0.57 for the coordination parameter, S02. The values listed in Table 5.6 for the 
energy zero shift, e0, the As-S distance, R, and the Debye-Waller factor, ơ2, were also 
obtained by least-squares fitting of the EXAFS data to the calculated equation derived 
for the As-S photoelectron back-scattering.  As shown in Table 5.6, the least-squares 
fitting was done in all three modes: R mode (FT|k3chi| over the region 1.2 to 2.4 Å), q 
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mode (back-transform of the FT region) and k mode (k3chi, over the range 3 to 12 Å-1) 
and reasonably consistent results were found in all three modes.  The Rfactor is a 
statistical measure of the fitting. The As-S distance derived from the FEFF EXAFS 
analysis (2.29 ± 0.01 Å) was in good agreement with to that (2.283 ± 0.005 Å) obtained 
from the crystal structure analysis. 
 
 
Figure 5.5. Arsenic RSF spectra for As2S3, SiABDT-As(III)LCH and SiABDT-As(III) 
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Table 5.6. Least-squares fitting parameters derived for As2S3 (Values in parentheses 
were held fixed during fitting) 
Mode Range e0 S02 CN R, Å ơ2, Å2 Rfactor 
R 1.2 - 2.4 Å 9.1 0.59 (3) 2.29 0.0037 0.0088 
q  9.8 0.57 (3) 2.29 0.0035 0.0060 
k 3 - 12 Å-1 9.7 0.54 (3) 2.29 0.0030 0.0292 
 errors (q) ±1.3 ±0.06  ±0.01 ±0.0008  
 
 
 These values were used in photoelectron backscattering to model the EXAFS 
region of SiABDT-As(III) and SiABDT-As(III)LCH for calculating the coordination 
number. Using a fixed value of 0.57 for S02, similar analyses were carried out for the 
EXAFS data (k3chi) obtained for arsenic in the sorbent samples.  In these cases, the 
coordination number, CN, was derived from the least-squares fit, along with the other 
unconstrained parameters.  The results are summarized in Table 5.7 and 5.8. The 
comparison of data and fit obtained for SiABDT-As(III) is shown in Figure 5.6. The 
comparison of data and fit for the reference sample, As2S3, can be found in Figure 3.6 in 
chapter III. The close correspondence of the k-space EXAFS spectrum for arsenic 
derived from back-transform of the As-S shell in the RSF and the k-space EXAFS 
spectrum for arsenic in SiABDT-As(III) can be observed in Figure 5.6. The fitting errors 
are larger for these samples as a result of the weaker EXAFS signal/noise ratios obtained 
for these samples.  
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Table 5.7. Least-squares fitting parameters of EXAFS data derived for SiABDT-As(III) 
Mode Range e0 S02 CN R, Å ơ2, Å2 Rfactor 
R 1.2 - 2.4 Å 8.2 (0.57) 4.4 2.26 0.0024 0.0457 
Q  8.7 (0.57) 4.6 2.26 0.0028 0.0303 
K 3 - 12 Å-1 8.6 (0.57) 4.2 2.26 0.0020 0.0719 
 errors (q) ± 3.1  ± 1.1 ± 0.015 ± 0.0018  
 
 
 
 
 
Table 5.8. Least-squares fitting parameters of EXAFS data derived SiABDT-As(III)LCH 
Mode Range e0 S02 CN R, Å ơ2, Å2 Rfactor 
R 1.2 - 2.4 Å 8.9 (0.57) 6.1 2.265 0.0045 0.0485 
q  10.0 (0.57) 6.0 2.27 0.0041 0.0317 
k 3 - 12 Å-1 9.4 (0.57) 6.1 2.27 0.0045 0.1160 
 errors (q) ± 3.0  ± 1.5 ±0.015 ± .0019  
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Figure 5.6. Comparison of FEFF model function and least-squares fitting for SiABDT-
As(III). Left: q-mode fits; right: R-mode fits over the range 1.2 -2.4 Å 
 
 The estimated bond distance (R, Å) in SiABDT-As(III) and SiABDT-As(III)LCH 
was 2.26 and 2.27, respectively, which was in the range of reported As-S bond distance 
of 2.24-2.28 Å for trithiol compounds while the Debye-Waller factor (ơ2) was 
similar.206,238,239 Similar As-S bond distance was also observed in tris(phenylthio)arsine 
(Figure 3.8.a) and As2S3 (Figure 3.8.b) with a bond distance of 2.24 Å and 2.28 Å, 
respectively.238,239 The coordination numbers obtained for the As-S shell in the sorbent 
sample from the FEFF EXAFS analysis range between 4.2 and 6.1.  These values were 
significantly greater than that for the arsenic sulfide structure with high experimental 
error. Such findings suggest that the As-S coordination in the sorbents may vary between 
tetrahedral coordination (CN = 4) and octahedral coordination (CN = 6) with additional 
secondary interaction.  
 XAFS spectroscopy of SiABDT-As(III) and SiABDT-As(III)LCH showed only 
sulfur bound arsenic.  No evidence was found for the bonding of As to any other element 
in the examined materials.   XAFS of all the materials was compared with the As 
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bonding environment in As2S3 which showed obvious similarities; however, the 
coordination of As by S in the arsenic containing materials exhibits a small reduction in 
the As-S distance (less than 0.03 Å) and a significant increase in coordination number 
from 3 to between 4 and 6.  
 
5.2.4. Batch Study of Hg Removal by SiABDTH2 
Studies of mercury capture ability of SiABDTH2 in aqueous solution were also 
conducted. At pH 5, 7 and 9, 0.2 and 0.6 g of SiABDTH2 was mixed with 4.98, 4.70 and 
4.45 ppm aqueous mercury solution, respectively, for 24 h. After 24 h, samples were 
analyzed by ICP-OES to determine the remaining concentration of mercury in solution. 
SiABDTH2 captured 72.8, 55.8 and 74.1% of mercury at pH 5, 7 and 9, respectively, 
when 0.2 g of SiABDTH2 was added to the mercury solutions at different pHs (Table 
5.9). When the amount of SiABDTH2 increased to 0.6 g, the percentage of mercury 
capture increased to 92.8, 74.8 and 84.1% at pH 5, 7 and 9, respectively. This is likely 
due to all the ABDTH2 binding sites are not available for the capture of mercury as 
certain percentage of ABDTH2 is bonded on the surface of smaller pore size making it 
inaccessible for mercury capture. However SiABDTH2 showed improved mercury 
removal capacity from aqueous solutions compared to commercially available mercury 
precipitating agents like sodium trithiocarbonate (STC), sodium dithiocarbamate 
(SDTC) and 2,4,6-trimercaptotriazine (TMT) (Figure). STC and SDTC showed 
comparable mercury binding ability, whereas TMT was unable to reduce mercury 
concentration significantly from 50 ppm aqueous mercury solution when applied in 
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stoichiometric ratio. However significant leaching of mercury was observed from the 
precipitant of STC, SDTC and TMT due to unstable nature of precipitating agents.192,264  
 
Table 5.9. Hg concentration in supernatant solution after treatment with SiABDTH2 
  0.2 g 0.6 g 
Initial 
(ppm) 
Final 
(ppm) 
% 
Remediation 
Final 
(ppm) 
% 
Remediation 
pH 5 4.98 ± 0.11 1.35 ± 0.01 72.8 0.46 ± 0.01 92.8 
pH 7 4.70 ± 0.08 2.08 ± 0.03 55.8 1.18 ± 0.02 74.8 
pH 9 4.45 ± 0.08 1.15 ± 0.03 74.1 0.71 ± 0.03 84.1 
 
 
5.2.5. Leaching Study of SiABDT-Hg 
A leaching study of mercury from SiABDT-Hg was carried out to determine the 
binding stability of mercury with SiABDTH2. The study was conducted for 24 h, 1, 2, 3 
and 4 weeks at pH 5, 7 and 9. The percentage of mercury leaching was in the range of 
1.47-3.67% for different conditions (Table 5.10). The percent of mercury leaching 
remained almost the same over several weeks. This was most likely due to either very 
low percentage of mercury was physisorbed on the particle surface or mercury was 
bonded to the physisorbed ABDTH2. It was also possible that at high pH Hg(OH)+ and/or 
Hg(OH)2 were being released in aqueous solutions.   
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Table 5.10. Hg leaching study of SiABDT-Hg 
 
 
 
Time pH Final [Hg] 
ppm 
Hg (mg)/0.2 g 
SiABDT-Hg 
Hg (mg) 
Leached 
% Hg 
Leached 
Stock  137.6 ± 3.2 6.88   
24 h 
5 5.04 ± 0.04  0.25 3.67 
7 4.39 ± 0.04  0.22 3.19 
9 4.98 ± 0.02  0.24 3.62 
1 week 
5 4.17 ± 0.02  0.20 3.00 
7 4.12 ± 0.05  0.20 3.00 
9 4.28 ± 0.04  0.21 3.11 
2 weeks 
5 2.85 ± 0.02  0.14 2.07 
7 2.76 ± 0.03  0.13 2.00 
9 3.24 ± 0.04  0.16 2.35 
3 weeks 
5 2.75 ± 0.02   0.13 2.00 
7 2.44 ± 0.04  0.12 1.77 
9 2.72 ± 0.02  0.13 2.00 
4 weeks 
5 2.74 ± 0.02  0.13 2.00 
7 2.02 ± 0.04  0.10 1.47 
9 2.45 ± 0.02  0.12 1.78 
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5.2.6. XPS Study of SiABDT-Hg 
X-ray Photoelectron Spectroscopy (XPS) binding energies are reported with 
fwhm in parantheses.  Figure 5.7 shows a narrow scan region where both the Hg 4f and 
Si 2p core levels emanate from the solid surface. The spectrum for SiABDTH2 showed a 
peak at 103.2 (1.9) eV denoting Si 2p from SiABDTH2 consistent with a SiO2 structure.  
With the introduction of Hg in the sample at a 1:0.5 SiABDTH2:Hg ratio, core levels of 
the Hg4f7/2 and Hg4f5/2 appeared at 100.8 (1.5) and 104.8 (1.6) eV, respectively, 
consistent with Hg in a +2 oxidation state.  At a higher loading of Hg in the sample with 
a 1:1 SiABDTH2:Hg ratio, there was little change in the chemical oxidation states 
present. The binding energy for Hg4f7/2 lower than 101.0 eV was absent, which suggests 
that no elemental mercury [Hg(0)] was present on the solid surface as binding energy for 
Hg4f7/2 of Hg(0) should be around 99.9 eV.265 Similar binding energies for Hg4f7/2 and 
Hg4f5/2 were observed for mercury adsorbed on thiol impregnated activated carbon. Thiol 
impregnated activated carbon had shown mercury capture ability. The binding energy of 
mercury on the thiol impregnated activated carbon was observed at 101 and 105 eV for 
Hg4f7/2 and Hg4f5/2, respectively.266 In another study, thiol impregnated activated carbon 
was obtained by treating with thionyl chloride. When mercury was adsorbed on the 
surface of activated carbon through Hg-S bond, the binding energy of mercury was 
observed at 102 and 104 for Hg4f7/2 and Hg4f5/2, respectively.267 Narrow scan of the S 2p 
core levels is shown in Figure 5.8.  The peak at 169.8 (3.5) eV was consistent with a 
short chain thiol group in the unreacted SiABDTH2. After the reaction with Hg, a 
marked shift to 163.4 (2.2) eV was observed with a marked increase in signal intensity.  
Increasing the Hg loading did not affect the overall S 2p line shape. The binding energy 
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shift accompanied by the increase in S 2p intensity suggested the formation of more 
ionic sulfur mercury bond after reaction of SiABDTH2 with Hg.268-274  
 
 
 
 
 
Figure 5.7. XPS of Hg 4f and Si 2p in SiABDT-Hg  
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Figure 5.8. XPS of sulfur 2p in SiABDT-Hg 
 
5.3. Experimental 
5.3.1. Materials and Techniques  
 Metal removal and leaching studies of arsenic and mercury were carried out in 
aqueous media using DI water. The arsenic stock solution was prepared using sodium 
meta arsenite (NaAsO2, >99%) purchased from Sigma-Aldrich. A mercury stock 
solution was prepared from mercuric(II)chloride (HgCl2, > 99.8%) obtained from Baker 
Analyzed Reagents. Omni trace HCl and HNO3 (EMD) were used for analytical 
purposes. The arsenic concentration was analyzed using a Varian SpectraAA 880Z 
Zeeman Graphite Furnace Atomic Absorption (GFAA) spectrometer at 193.7 nm 
wavelength. Mercury concentrations in aqueous solution were analyzed using a Varian 
Vista Pro CCD Simultaneous Indcutive Coupled Plasma Optical Emission Spectrometer 
(ICP-OES) at a wavelength of 253.6 nm at 1.20 kW power. X-ray absorption fine 
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structure (XAFS) spectroscopy of arsenic samples was obtained at beam-line X-18B of 
the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, NY. 
XPS of mercury samples was carried out using a Kratos 165 XPS system with a 
hemispherical analyzer.  
 
5.3.2. As(III) Binding Study by SiABDTH2 
5.3.2.1. Batch Study of As(III) Removal at pH 5, 7 and 9 
As(III) Removal at pH 5 by SiABDTH2: A solution of arsenic (221 ppb) was prepared 
at pH 5 by dilution of 100 ppm arsenic stock solution made of NaAsO2 (8.70 mg) in 50 
mL water (DI) for treatment with SiABDTH2. SiABDTH2 (0.2 g, 0.4 g and 0.6 g) from 
20 g batch was treated with 50 mL of 221 ppb solution in triplicate by stirring for 24 h 
before filtering through a 0.2 µm Teflon filter. Aliquots (20 mL) from each sample were 
digested along with corresponding stock solution of 221 ppb (20 mL x 3) at 950C for 6 h 
with addition of 1 mL concentrated HNO3 before analysis by GFAA to determine the 
arsenic content in solution. Arsenic stock solutions were diluted 10 times prior to 
analysis by GFAA. All batch study samples were analyzed without dilution prior to 
analysis. All arsenic samples were analyzed at a wavelength of 193.7 nm using a GFAA 
spectrometer. Samples were combined with a 1% Pd modifier, ashed for 8.0 s at 1400oC 
and atomized at 2600oC for 2.6 s during analysis. A duplicate sample (1% RSD), a 
matrix spiked with 10 ppb As (97% recovery) and As standard (20 ppb, 100% recovery) 
were included for quality control at the beginning of the analysis. All samples and 
standards were fired three times to obtain the instrumental value. The instrumental and 
calculated data is shown in Table 5.1. 
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As(III) Removal at pH 7 and 9 by SiABDTH2 : As(III) removal study was also 
conducted at pH 7 and 9. Arsenic solutions of 213 ppb and 233 ppb were prepared at pH 
7 and 9, respectively, by dilution of 100 ppm arsenic stock solution made of NaAsO2 
(8.66 mg) in 50 mL water (DI). Arsenic solutions of different pH were then treated with 
SiABDTH2. SiABDTH2 (0.2 g, 0.4 g and 0.6 g) from 20 g batch was mixed with 50 mL 
of 213 ppb and 233 ppb solutions in triplicate. Solutions were stirred for 24 h followed 
by filtration through a 0.2 µm Teflon filter to remove solid particulate. Aliquots (20 mL) 
from each sample were digested along with corresponding stock solution of 213 ppb (20 
mL x 3) and 233 ppb (20 mL x 3) at 950C for 6 h with addition of 1 mL concentrated 
HNO3. Arsenic concentrations in solutions were determined by analyzing in GFAA. 
Arsenic stock solutions were diluted 10 times prior to analysis by GFAA at a wavelength 
of 193.7 nm. All other samples were analyzed without dilution. Samples were combined 
with a 1% Pd modifier, ashed for 8.0 s at 1400oC and atomized at 2600oC for 2.6 s 
during analysis. Duplicate samples (0.94% and 3% RSD for pH 7 and 9, respectively), 
matrix spiked with 10 ppb As (100% and 96% recovery at pH 7 and 9, respectively) and 
As standards (10 ppb, 99.5% recovery; 20 ppb, 103% recovery) were included for 
quality control at the beginning of the analysis. The analyzed data are shown in Table 
5.1. 
 
5.3.2.2. As(III) Removal by SiABDTH2 as a Function of Time 
 Aqueous arsenic stock was first prepared from NaAsO2 at pH 5, 7 and 9 followed 
by application of SiABDTH2 to carry out the experiment. Before preparing the arsenic 
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stock solution, the pH of DI water was adjusted to 7.0 ± 0.05 by adding 0.5 M HCl 
and/or 0.5 M KOH solution. pH of DI water was also adjusted to 5.0 ± 0.03 and 9.0 ± 
0.06 using 0.5 M HCl and/or 0.5 M KOH solution. Initial stock solution of 23.64 ppm 
arsenic was prepared by adding 4.10 mg of NaAsO2 in 100 mL DI water at pH 7. This 
stock solution was then diluted to approximately 200 ppb arsenic with dilution of 4 mL 
of 23.64 ppm solution to 500 mL solution. The exact concentration of arsenic in the 
solution was determined by GFAA to be 196.9, 249.4 and 192.1 ppb at pH 5, 7 and 9, 
respectively. SiABDTH2 (0.2 g and 0.6 g) was added to 50 mL of above solution 
separately and agitated by shaking for 1, 2 and 5 h at room temperature. After each time 
interval, the solid was isolated by syringe filtration through a 0.45 µm Teflon filter and 
the filtrates were digested for GFAA analysis. Digestion was conducted at 950C for 6 h 
by adding 2.5 mL concentrated HNO3 to the filtrates. After digestion, the samples were 
diluted to 50 mL again with DI water. Samples were diluted 10 times prior to analysis 
except for samples for 5 h (0.6 g SiABDTH2) at pH 5, 2 h (0.6 g SiABDTH2) and 5 h 
samples (0.6 g SiABDTH2) at pH 7, and 5 h (0.6 g SiABDTH2) at pH 9. Samples of 5 h 
for 0.2 g SiABDTH2 at pH 5, 7 and 9 were only diluted 2 times prior to analysis. 
Samples were analyzed at 193.7 nm using a Varian SpectrAA 880Z Zeeman GFAA 
spectrometer to determine arsenic concentration in solution. Samples were combined 
with a 1% Pd modifier, ashed for 8.0 s at 1400oC and atomized at 2600oC for 2.6 s 
during analysis. A duplicate sample (5.9% RSD), a matrix spiked with 20 ppb As (92% 
Recovery) and As standard (20 ppb, 88% recovery) were included for quality control at 
the beginning of the analysis. All samples and standards were fired three times to obtain 
the instrumental value. The experimental values are shown in Table 5.2, 5.3 and 5.4. 
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5.3.2.3. Leaching Study of SiABDT-As(III) 
 SiABDT-As(III) was first prepared to conduct a leaching study of arsenic. 
Aqueous arsenic solution was made by adding 110.4 mg of sodium metaarsenite 
(NaAsO2) to 25 mL of DI water at pH 7. pH of water was adjusted using 0.5 M HCl 
and/or 0.5 M KOH. SiABDTH2 (5.0 g) obtained from 20 g batch of synthesis was added 
to the arsenic solution and the reaction media was agitated by constant shaking on a 
shaker for 24 h. After the reaction, the solid was separated by gravity filtration. The solid 
was then washed thoroughly with 200 mL DI water followed by drying under air. 
SiABDT-As(III) was analyzed by GFAA for arsenic content per gram of solid. Prior to 
analysis by GFAA, SiABDT-As(III) (0.2 g) was digested at 950C for 24 h with 50 mL 
DI water and 5 mL HNO3 in a polypropylene digestion vessel. The solution was then 
cooled down to room temperature and final volume of the solution was marked upto 50 
mL again by adding DI water before syringe filtration through 0.2 µm Teflon filter in 
order to remove solid from the solution. Sample was diluted 400 times prior to analysis 
to bring down the concentration of sample within the instrumental analysis range of 5 
ppb to 50 ppb in GFAA. The arsenic content was 0.45 mg in 0.2 g of SiABDT-As(III) 
which corresponds to 2.29 mg of arsenic per gram of SiABDT-As(III).    
 The leaching study was conducted by setting up 0.2 g SiABDT-As(III) in 20 mL 
DI water separately for 1 day, 1, 2, 3, and 4 weeks for three different pH values of 5, 7 
and 9. pH of DI water was adjusted by using 0.5 M HCl and/or 0.5 M KOH. After each 
time interval, samples were filtered through a 0.2 μm filter to remove solid particles. 
Blanks (with SiABDTH2 only) were also analyzed at the same time intervals and pH 
values. After filtration, all the samples were diluted to 50 mL and digested by adding 2.5 
119 
 
mL concentrated HNO3 in a polypropylene digestion vessel at 950C for 6 h. After 
digestion, volume of the samples was raised to 50 mL again with DI water. All samples 
except blank samples were diluted 100 times prior to analysis. All arsenic samples were 
analyzed at a wavelength 193.7 nm using a Varian SpectrAA 880Z Zeeman GFAA 
spectrometer. Samples were combined with a 1% Pd modifier, ashed for 8.0 s at 1400oC 
and atomized at 2600oC for 2.6 s during analysis. A duplicate sample (1.9% RSD), a 
matrix spiked with 8 ppb As (96% Recovery) and As standard (20 ppb, 109% recovery) 
were included for quality control at the beginning of the analysis. All samples and 
standards were fired three times to obtain the instrumental value. The analyzed data are 
shown in the Table 5.5. The blank samples contained no As and are not included in the 
table. 
 
5.3.2.4. XAFS Spectroscopy of Arsenic Sorbents 
 Bonding of Arsenic in SiABDT-As(III) and SiABDT-As(III)LCH sorbents was 
analyzed by X-ray absorption fine structure (XAFS) spectroscopy at beam-line X-18B of 
the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, NY. 
XAFS spectra of arsenic were collected from 100 eV below the arsenic K absorption 
edge at 11,867 eV to 800 eV above the edge.  The energy scale for the spectra was 
calibrated to an arsenate absorber whose peak position was assumed to occur at 11,871 
eV. A reference absorption spectrum of As2S3 (synthetic orpiment) was also obtained for 
comparison. The XAFS spectra were first calibrated with a reference energy point 
defined by the major peak in the spectrum of the arsenate standard followed by dividing 
into separate X-ray absorption near-edge structure (XANES) and extended X-ray 
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absorption fine structure (EXAFS) regions.  The EXAFS region was then converted to a 
reciprocal space (k-space, chi spectrum) representation and a Fourier transform was 
applied to the k3-weighted chi spectrum to produce a radial structure function (RSF).  
The RSF can be considered a one-dimensional representation of the structure local to the 
absorbing atom, which in this case is arsenic. 
 
5.3.3. Mercury Binding Study by SiABDTH2 
5.3.3.1. Batch Study of Hg Removal at pH 5, 7 and 9 
 Aqueous mercury stock was prepared by adding 11.0 mg of HgCl2 in 50 mL DI 
water at pH 7 giving 162 ppm of mercury solution. The mercury stock solution was then 
diluted to the desired concentration of approximately 5 ppm by diluting 15 mL of 162 
ppm solution to 500 mL aqueous solution at pH 5, 7 and 9. pH of water was adjusted 
with 0.5 M HCl and/or 0.5 M KOH prior to preparation of solution. The exact 
concentration of mercury in the solution was determined by analyzing the solution with 
ICP-OES and found to be 4.98, 4.70 and 4.45 ppm at pH 5, 7 and 9, respectively. 
SiABDTH2 (0.2 g and 0.6 g) was then added to 50 mL of above solution at each pH 
separately and agitated by shaking for 24 h at room temperature. After agitation, the 
solid was isolated by syringe filtration through a 0.45 µm Teflon filter and the filtrates 
were digested for ICP-OES analysis. Mercury stock solution and filtrates were digested 
at 1000C for 10 h by addition of 2.5 mL concentrated HNO3 and 2.5 mL concentrated 
HCl to the solution. After digestion, volume of the samples was marked upto 50 mL 
again with DI water. Samples were analyzed at a wavelength of 253.6 nm using ICP-
OES to determine mercury concentration in solution. A duplicate sample (0.9% RSD), a 
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matrix spiked with 2 ppm Hg (95.2% Recovery) and Hg standard (2 ppm and 5 ppm, 98 
and 102% recovery, respectively) were included for quality control at the beginning of 
the analysis. The experimental values are shown in Table 5.9. 
 
5.3.3.2. XPS Study of SiABDT-Hg 
X-ray photoelectron spectroscopy (XPS) scans of the SiABDTH2 and SiABDT-
Hg (SiABDTH2 treated with Hg) samples were taken using a Kratos 165 XPS 
spectrometer equipped with a hemispherical analyzer and a Mg Kα anode (hν = 1253.6 
eV) operated at 225 W.  The system pressure during analysis did not exceed 1.0x10–8 
Torr.  High resolution scans were performed with a 20 eV pass energy and charge 
referenced to adventitious carbon at C 1s = 284.7 eV. The samples were mounted onto 
double sided tape (Scotch 3M) and outgassed using a turbomolecular pump prior to 
introduction into ultrahigh vacuum for analysis.  A 70:30 Gaussian/Lorentzian line shape 
and Shirley background subtractions were used to curve fit all of the XPS peaks   using 
CasaXPS software version 2.2.107 (Casa Software Ltd., U.K.).275-277 
 
5.3.3.3. Hg Leaching Study from SiABDT-Hg 
 Mercury leaching studies were conducted using SiABDT-Hg obtained from 
mixing aqueous mercury solution of 311.6 mg of mercuric chloride (HgCl2) in 25 mL of 
DI water at pH 7. pH of water was adjusted using 0.5 M HCl and/or 0.5 M KOH. 
SiABDTH2 (5.0 g) was added to the mercury solution and the reaction media was 
agitated by constant shaking on a shaker for 24 h. After the reaction was over, the solid 
was separated by gravity filtration followed by washing with 200 mL DI water and dried 
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under air. SiABDT-Hg was analyzed by ICP-OES for mercury content per gram of solid. 
Prior to analysis by ICP-OES, SiABDT-Hg (0.2 g) was digested at 1000C for 24 h with 5 
mL concentrated HNO3, 5 mL concentrated HCl and 40 mL DI water in a polypropylene 
digestion vessel. Solution was then cooled down to room temperature before syringe 
filtration through 0.2 µm Teflon filter to remove solid from the solution. Final volume of 
the solution was marked upto 50 mL by adding DI water. Solution was diluted 25 times 
prior to analysis by ICP-OES to determine the mercury content in solution obtained from 
0.2 g of SiABDT-Hg. The mercury content was 6.88 mg in 0.2 g of SiABDT-Hg which 
corresponds to 34.42 mg of mercury per gram of SiABDT-Hg.  
 The leaching study was conducted by setting up 0.2 g SiABDT-Hg in 20 mL DI 
water separately for 24 h, 1, 2, 3 and 4 weeks in different pH values of 5, 7 and 9. pH of 
DI water was adjusted by using 0.5 M HCl and 0.5 M KOH. After each time interval, 
samples were filtered through a 0.2 μm Teflon filter to remove solid particles. Blanks 
(with SiABDTH2 only) were also analyzed at the same time intervals and pH values. 
After filtration, all the samples were diluted to 50 mL and digested by addition of 2.5 
mL concentrated HNO3 and 2.5 mL concentrated HCl in a polypropylene digestion 
vessel at 1000C for 10 h. After digestion, volume of the samples was marked upto 50 mL 
with DI water. All mercury samples were analyzed at a wavelength of 253.6 nm using a 
ICP-OES. A duplicate sample (1.2% RSD), a matrix spiked with 2 ppm Hg (101% 
Recovery) and Hg LCS (2 ppm, 97% recovery) were included for quality control at the 
beginning of the analysis. The analyzed data is shown in table 5.10. The blank samples 
contained no Hg and are not included in the table. 
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5.4. Conclusions. 
The study demonstrated the ability of SiABDTH2 to capture arsenic from aqueous 
solution at pH 5, 7 and 9. SiABDTH2 showed 100% As(III) binding ability from aqueous 
solution at different pH values after 24 h when 0.2 - 0.6 g of SiABDTH2 was added to the 
arsenic solutions. The percentage of As(III) removal was increased in case of both 0.2 g 
and 0.6 g of SiABDTH2 as the contact time between SiABDTH2 and As(III) solutions 
was increased from 1 h to 5 h. The study also showed that higher percentage of As(III) 
removal was observed at pH 7 within short period of time. However, with longer period 
of time, 100% of As(III) was captured by SiABDTH2 at pH 5, 7 and 9. XFAS study of 
SiABDT-As(III) indicated the presence of sulfur bound arsenic. However, additional 
secondary interaction was also observed. Leaching study indicated the leaching of arsenic 
in the range of 12-29% after 24 h in pH 5, 7 and 9. But the percentage of As leaching to 
aqueous medium remained same over the weeks. This was due to the fact that part of 
ABDTH2 was physisorbed on the silica surface of SiABDTH2 that was bonded with 
arsenic. 
SiABDTH2 also showed mercury binding ability in aqueous solution at pH 5, 7 
and 9. SiABDTH2 captured 72.8%, 55.8% and 74.1% at pH 5, 7 and 9 when 0.2 g of 
SiABDTH2 was applied. When SiABDTH2 content was increased to 0.6 g, the percentage 
of mercury removal was increased to 92.8%, 74.8% and 84.1% at pH 5, 7 and 9. XPS 
study of SiABDT-Hg indicated the formation Hg-S bond. Mercury leaching study of 
SiABDT-Hg showed that 1.47 – 3.67% of mercury was leached into water.  
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CHAPTER 6 
Arsenic Filtration Column Study by SiABDTH2 
 
6.1. Introduction 
Adsorptive filtration techniques for water treatment are a popular, emerging 
technology due to its reduced amount of toxic sludge production and economic 
efficiency. Fixed-bed adsorbents are relatively simple and easy to operate. These 
adsorbents also have the potential to selectively and effectively remove arsenic from 
contaminated water. Intensive research has been carried out to develop new technologies 
and improve existing technologies involved in removal of arsenic from water. Various 
water treatment technologies such as coagulation, flotation, adsorption, ion-exchange, 
lime softening and reverse osmosis are available for arsenic removal at present described 
in chapter 1.134,278 However, these techniques are predominately effective for removing 
As(V) as compared to As(III). As a result, these techniques are often preceded by an 
oxidation step to convert As(III) to As(V) for effective removal of trivalent arsenic. In 
recent years, adsorptive filtration has gained attention as an innovative approach to 
remove various contaminants from the liquid phase.279  
Arsenic contamination of ground water in Bangladesh, West Bengal in India and 
most of the Southeast Asian countries as well as in the United States is a serious issue. 
Concentration of arsenic in ground water varies in the range of 8.82 – 220.47 ppb. Iron 
oxide immobilized on sand grains has been used to remove toxic metals by binding of 
these metals to the surface of iron oxide through adsorption. Use of surface modified 
solid matrix is advantageous as it allows the sorption of soluble metals as well as ease of 
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separation of adsorbent through filtration. Iron hydroxides have also been used as 
adsorbing agents for the purpose of arsenic removal from water. Iron hydroxide coated 
polymeric materials such as polystyrene and polyHIPE (poly high internal phase 
emulsion) prepared from styrene, divinylbenzene and sobitan monooleate have been 
investigated for removal As(III) and As(V). pH of water was found to affect the capacity 
of arsenic removal with optimum pH found to be 7.0 for the removal of mixture of 
As(III) and As(V).280 Iron-zirconium binary oxide adsorbents have been explored as an 
adsorptive media for arsenic. Surface hydroxyl groups act as binding sites for the 
oxyanionic species of As(III) and As(V). Arsenate is bonded through formation of inner-
sphere surface complexes, whereas arsenite is bonded in both inner- and outer-sphere 
surface complexes.281 
 Arsenic has strong affinity toward thiols and forms strong covalent As-S bonds. 
Silica-supported cysteine and polycysteine have been used for removal of heavy metals 
from aqueous solutions. BDTH2 has demonstrated the ability to bind and remove arsenic 
from aqueous solutions. However application of BDTH2 as a filtration material in low 
cost, easy to use filtration columns remains an issue. In the field studies of BDTH2 
filtration columns show leaching of BDTH2, which decreased the capability of filtration 
column. The new thiol compound, ABDTH2, an acid derivative of BDTH2 has shown 
binding capacity towards arsenic. Silica-supported ABDTH2 has been designed and 
synthesized for the removal of arsenic from water. Batch studies of silica immobilized 
ABDTH2 (SiABDTH2) have shown promising results where SiABDTH2 captured 100% 
arsenite from 200 ppb arsenic contaminated aqueous solution. Immobilization of 
ABDTH2 on silica increases the dispersion of ligand on solid surfaces which increases 
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the interaction between ligand and arsenic in aqueous phase as well as decreases the 
ligand loss through leaching. As a result, SiABDTH2 can be applied effectively as 
filtration column material for arsenic removal from aqueous solutions. The main aim in 
this chapter is to test the filtration column technology using SiABDTH2 as column 
packing material for arsenic removal from water. 
 
6.2. Results and Discussion 
6.2.1. ABDTH2 Leaching from Filtration Column 
 After construction of an arsenic filtration column with SiABDTH2, the column 
was tested for the presence of any physisorbed ABDTH2 on the silica surface. A total of 
3 L of DI water was passed through the column at a flow rate of ~20 mL/min. At this 
point loosely bound or physisorbed ABDTH2 was washed out with water. This process 
prevented the binding of arsenic with physisorbed ABDTH2 that leaches out to the 
environment. The instrumental data are shown in Table 6.1. According to the data 
presented in Table 6.1, an average of 0.226 ± 0.006 mmol of ABDTH2 leached from 
16.40 g of SiABDTH2, whereas, 6.11 mmol ABDTH2 was present in 16.40 g of 
SiABDTH2. This corresponds to about 3.71% of the total ABDTH2 in the column was 
being leached out. By comparison ~ 18 % B9 leached from the B9/sand column. The 
leaching of ABDTH2 was most likely due to physical adsorption of a small fraction of 
ABDTH2 onto the silica. In order to remove physisorbed ABDTH2 in future experiments, 
the SiABDTH2 could be washed in a larger volume of EtOH with mechanical stirring to 
insure access of the solvent to all non-covalently bound ABDTH2. Alternatively, the 
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solution could be made slightly basic to displace any strongly hydrogen-bonded 
ABDTH2.  
 
Table 6.1. ABDTH2 leaching from SiABDTH2 filtration column 
Sample [S] ppm ABDTH2 (mmol) 
Leached 
% Leached 
1 4.82 ± 0.10 0.225 ± 0.005 3.68 
2 4.90 ± 0.04 0.229 ± 0.002 3.75 
3 4.80 ± 0.07 0.224 ± 0.003 3.67 
Average 4.84 ± 0.13 0.226 ± 0.010 3.70 
 
 
6.2.2. Column I: Low Flow Rate (20 mL/min) 
As(III) capturing capability of SiABDTH2 in filtration column set up was 
conducted at a flow rate of 20 mL/min. The 212.8 ppb arsenic stock solution was passed 
through the SiABDTH2 column for 6 h daily for 3 days. Samples of effluent were 
collected every 2 h. Samples were then acidified with concentrated HNO3 followed by 
digestion of the solution before analysis by GFAA to determine arsenic concentrations in 
effluent samples. GFAA analysis indicated that all of the effluent samples contained < 5 
ppb As (the detection limit of the instrument) which is well below the permissible limit 
of 10 ppb arsenic in drinking water set by the United States Environmental Protection 
Agency (USEPA). At the conclusion of the three-day experiment, a total of 20 L of 
212.8 ppb As was treated with the SiABDTH2 filtration column. This corresponds to 
128 
 
0.056 mmol of As(III) being captured by 16.40 g of SiABDTH2. XAFS studies of 
SiABDT-As(III) showed arsenic was covalently bonded to the sulfur atom of ABDTH2 
immobilized on the surface of silica. Based on the ABDTH2 loading on SiABDTH2 and 
a 1:1 As(III) to ABDTH2 stoichiometry, only 0.94% of the available bonding sites were 
used. Theoretically, the current SiABDTH2 column can treat approximately 2,127 L of 
200 ppb As(III)-affected water. 
Leupin et al. studied the As(III) removal capacity of  sand and ZVI from ground 
water in column filtration set up. The filtration column was prepared by mixing 4 g sand 
and 1.5 g ZVI with a bed height of 3.5-4 cm. ZVI binds As(V) by oxidizing As(III) to 
As(V). When 1 L of 500 ppb As(III) was passed through the sand/ZVI filtration column 
at a flow rate of 0.3 mL/s, the concentration of arsenic could be lowered to less than 15 
ppb. However, up to 8 ppm dissolved Fe(II) was released in water during the process.282 
A study of sorption and desorption of arsenic to ferrihydrite in a sand filter indicated the 
removal of As(III) with preoxidation of As(III) to As(V).283 Household sand filters 
containing iron have been investigated in Vietnam, where arsenic concentration in 
ground water varies in the range of 10-382 ppb As. The study indicated that Fe/As ratios 
of ≥250 were required for arsenic removal to desired levels.284  
After completion of the filtration study, arsenic-bonded SiABDTH2 material from 
the filtration column was analyzed to detect the presence of physisorbed arsenic on the 
surface of SiABDTH2. A leaching study of the material was conducted for the purpose. 
SiABDT-As(III) was extracted in DI water for 24 h before analyzing the aqueous 
solution for arsenic concentration. From the GFAA analysis of aqueous solution, only 
0.014% of arsenic was leached (Table 6.2) out from 0.056 mmol of arsenic bonded to 
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the column material which indicated that all of the arsenic was chemically bound to the 
SiABDTH2 through the formation of covalent As-S bond.   
 
Table 6.2. Arsenic leached from SiABDT-As(III) column material 
Sample 
As Leached 
% Leached 
ppb Μg 
1 15.98 ± 0.44 0.639 ± 0.017 0.015 
2 13.81 ± 0.58 0.552 ± 0.023 0.013 
3 14.31 ± 0.74 0.572 ± 0.030 0.014 
Avg. 14.70 ± 1.04 0.588 ± 0.041 0.014 
 
 
6.2.3. Column II: High Flow Rate (500 mL/min) 
 Arsenic removal study by SiABDTH2 filtration column was also conducted at a 
high flow rate of a 500 mL/min to demonstrate the applicability of the technology. The 
initial concentration of arsenic aqueous solution was 225 ppb as analyzed by GFAA. 
Water containing 225.1 ppb arsenic was passed through the column with the help of a 
pump at a constant flow rate of 500 mL min-1. Samples were collected from the effluent 
solution with the passage of every 3 L of arsenic aqueous solution through the column. 
Samples were then digested at 95oC followed by analysis by GFAA. The instrumental 
analysis data of the study is shown in Table 6.3. At the beginning only 53.7% of arsenic 
was captured by the column material. As more water passed through the column at high 
flow rate, percent capture of arsenic was increasing due to better packing of column 
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materials and better contact of arsenic with ABDTH2 to bind. It was observed that after 
27 L of arsenic containing water passed through the column, ~69% of arsenic was 
captured by binding materials. The average household tap water flow rate varies in 
between 2-6 L/min. Though the experimental flow rate (500 mL/min) was lower than the 
average household water flow rate, it demonstrated the applicability of SiABDTH2 as 
filtration column material. 
 
Table 6.3. Arsenic captured at a flow rate of 500 mL/min 
Sample Volume Eluted [As] ppb % Captured 
As Stock N/A 225.1 ± 16.4  
1 0 L 104.2 ± 9.9 53.7 
3 6 L 98.4 ± 7.9 56.2 
5 12 L 81.6 ± 11.8 63.7 
7 18 L 84.1 ± 9.3 62.6 
10 27 L 69.7 ± 6.7 69.1 
 
 
6.3. Experimental 
6.3.1. Materials and Techniques 
All the filtration column studies were carried out at room temperature. House 
nitrogen was used to create pressure inside the container and inert atmosphere to prevent 
oxidation of arsenite to arsenate. Arsenite contaminated solutions were prepared in DI 
water using sodium metaarsenite (NaAsO2). NaAsO2 (>99%) was obtained from Sigma 
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Aldrich and used as received. Glass chromatography columns (1.5 cm ID, 30 cm in 
length) were purchased from Kontes. Arsenic concentrations in aqueous solution were 
determined using Varian SpectrAA 880Z Zeeman Graphite Furnace Atomic Absorption 
spectrometer (GFAA) at a wavelength of 193.7 nm. 
    
6.3.2. Column Preparation 
 A glass chromatography column (1.5 cm ID, 30 cm in length) with a fritted disk 
was used to design a filtration bed for the experiment. The glass column was filled with 
SiABDTH2 (16.40 g) to a bed height of 12 cm. Two filter papers were cut to fit the ID of 
the column and inserted at the 4 cm and 8 cm bed heights. Before using the column for 
arsenic capture, the column with the packing material (SiABDTH2) was washed with DI 
water to remove physisorbed ABDTH2 present on the solid particle. DI water (3 L) was 
passed through the SiABDTH2 column at a rate of 20 mL/min and samples (50 mL) 
were taken in triplicate. Samples were digested at 100oC with the addition of 2.5 mL 
concentrated HNO3 and 2.5 mL concentrated HCl and diluted to a final volume of 50 
mL before analyses for sulfur content by ICP in order to test the potential leaching of 
ABDTH2 from SiABDTH2. 
 
6.3.3. ABDTH2 Leaching from Filtration Column 
After preparing the SiABDTH2 column, 3 L of DI water was passed through the 
column to monitor ABDTH2 leaching. The flow rate of DI water was 20 mL/min. 
Effluent was collected for analysis to find out the amount of ABDTH2 leaching from 
filtration column. Three aliquots (50 mL) were taken from the total water sample and 
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digested followed by analysis by ICP. Samples were digested at 100oC with addition of 
2.5 mL concentrated HNO3 and 2.5 mL concentrated HCl for 8 h. After digestion, 
samples were diluted to 50 mL again before analyses for sulfur concentration in samples. 
The sulfur content shown in Table 6.1 was determined by ICP-OES analysis at a 
wavelength of 181.972 nm with an operating power of 1.20 kW and sample replicate 
read time of 2.00 s. Yttrium was used as an internal standard for the analysis measured at 
371.029 nm. Quality control of the analysis was maintained by conducting an analysis of 
matrix spike (102% recovery), sulfur check standards (2 ppm, 109% recovery at 181.972 
nm) and percent relative standard deviation (%RSD, 0.81%) between the duplicate 
samples. 
 
6.3.4. Column I: Low Flow Rate (20 mL/min) 
 The column from the ABDTH2 leaching study was used in the present study. A 
stock solution of ~200 ppb As(III) was prepared by stirring NaAsO2 (10.90 mg) in water 
(30 L, DI) for 3 h in a 50 L Nalgene carboy. Nitrogen pressure was added to the carboy 
to provide a constant flow of arsenic water from the carboy and to prevent air oxidation 
of As(III) to As(V). The pressure was maintained at <5 psi and resulted in a flow rate of 
~20 mL/min. Triplicate samples (20 mL each) of stock solution were collected at the 
beginning of the experiment for determination of exact initial arsenic concentration. 
Arsenic stock solution was then passed through the SiABDTH2 column under nitrogen 
pressure. Samples (20 mL) of effluent were collected in triplicate in digestion tubes 
every two hours over a period of six hours daily for three days. A total of 20 L of 
arsenic(III) contaminated water (6.5 L in day 1, 6.5 L in day 2 and 7 L in day 3) was 
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passed through the SiABDTH2 column. The samples from effluents and the stock 
solution were acidified with nitric acid (1 mL, concentrated, Omnitrace) immediately 
after collection and stored at 5oC until all the samples were collected. Samples were 
digested at 95oC for 30 min. Then 1 mL of H2O2 was added to the samples and samples 
were digested for an additional 5.5 hr before cooling and dilution to 20 mL with DI 
water. Samples were analyzing by GFAA. Arsenic stock solution was diluted 10 times 
prior to analysis. Arsenic concentration of samples were analyzed at 193.7 nm using 
Varian Spectra AA 880Z Zeeman GFAA along with a duplicate sample (0.68% RSD), a 
10 ppb As standard (96% recovery) and a matrix spiked with 10 ppb arsenic (97% 
recovery) for quality control.    
At the completion of the As(III) removal study, the column was washed with DI 
water (250 mL) under continuous gravity flow and allowed to air dry. The column 
packing material was removed from the column and extracted for 24 h in 50 mL 
digestion tubes with sufficient DI water (40 mL) to submerge packing materials in order 
to remove loosely-bound arsenic from the SiABDTH2 surface. The resultant supernatant 
was syringe filtered (0.2 µm, Teflon, Environmental Express), and small portions of the 
sample split into three parts (5 mL x 3), and acidified with 0.25 mL of concentrated 
HNO3. Samples were digested at 95oC for 30 min, H2O2 (0.25 mL) was added, and 
samples were heated an additional 5.5 h with the addition of 1.5 mL DI water hourly to 
prevent evaporation to dryness. 
Samples were analyzed for arsenic concentration (Table 6.2) at 193.7 nm using a 
GFAA spectrometer. Samples were combined with a 1% Pd modifier, ashed for 8.0 s at 
1400oC and atomized at 2600oC for 2.6 s during analysis. A duplicate sample, a 10 ppb 
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spiked sample and As standards were included for quality control at the beginning of the 
analysis. The percent recovery from 10 ppb As standard and 10 ppb spiked sample was 
98% and 92%, respectively. The %RSD between the duplicate samples was 1.78%. 
 
6.3.5. Column II: High Flow Rate (500 mL/min) 
 A second filtration column for high flow rate was prepared in the same way as the 
column for low flow rate. A glass chromatography column (15 cm ID, 30 cm in length) 
with a fritted disk was filled with SiABDTH2 (16.38 g) to a bed length of 12 cm. Two 
filter papers were cut to fit the ID of the column and inserted at the 4 cm and 8 cm bed 
heights. DI water (3 L) was passed through the SiABDTH2 column at high flow rate for 
better packing of the column materials and removal of adsorbed ABDTH2 from silica. 
 A stock solution of 225.1 ppb As(III) was prepared in a Nalgene carboy by 
stirring NaAsO2 (11.60 mg) in 30 L of DI water for 3 h. A sample of stock solution was 
collected to analyze the exact arsenic concentration in the solution. A high pressure 
pump was used to move the arsenic containing water through the SiABDTH2 column at 
a flow rate of 500 mL/min. A total of ten samples (50 mL each) were collected for every 
3 L of As water passed through the filtration column with the initial sample being 
collected at the beginning of the experiment and the final sample collected after 27 L of 
As-water had passed through the column. Every sample was digested in triplicate (10 
mL each) at 95oC for 6 h with addition of 0.5 mL concentrated HNO3 and 0.5 mL H2O2 
(added to the digested solution after 30 min of digestion) and volume was marked up to 
10 mL again prior to analysis by GFAA for arsenic concentration in eluted samples. 
Amongst those samples, samples 1, 3, 5, 5, 9 and 10 were analyzed by GFAA (Table 
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6.3). An arsenic stock solution sample was collected before the start of the run and 
digested and analyzed by GFAA the same way as the above eluted samples. Arsenic 
stock solutions were diluted 10 times and all other arsenic samples were diluted 4 times 
prior to analysis by GFAA. All arsenic samples were analyzed at 193.7 nm using a 
Varian SpectrAA 880Z Zeeman graphite furnace atomic absorption spectrometer 
(GFAAS). Samples were combined with a 1% Pd modifier, ashed for 8.0 s at 1400oC 
and atomized at 2600oC for 2.6 s during analysis. A duplicate sample, a matrix spiked 
with 10 ppb As and 20 ppb As standard (%) were included for quality control at the 
beginning of the analysis. All samples and standards were fired three times. 
 
6.4. Conclusion 
 An arsenic (III) filtration column has been designed using SiABDTH2 as column 
packing material. Filtration column studies have been conducted at two different flow 
rates, 20 and 500 mL min-1. The concentration of the initial arsenic stock solution was 
212.8 and 225.1 ppb for flow rates of 20 and 500 mL/min, respectively. At a flow rate of 
20 mL/min, the study was conducted for 3 days with 6 h of solution passed through the 
column each day. The study has shown that the filtration column captured 100% arsenic 
from the 212.8 ppb arsenic solution. Leaching study of SiABDT-As(III) material from 
the filtration column has shown that only 0.014% of arsenic was leached out from the 
material suggesting the presence of covalently bonded arsenic to thiol. At high flow rate 
of 500 mL/min, 53.7% to 69.1% of As(III) was captured from 225.1 ppb aqueous As(III) 
solution with 53.7% at the beginning of the experiment and 69.1% after 27 L of solution 
was passed through the column. The filtration column study demonstrated that 
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SiABDTH2 can capture arsenic from aqueous media at various flow rates when used as 
filtration column packing material. The filtration column study at low and high flow rate 
indicated the applicability of SiABDTH2 as filtration column materials. This material 
can be used in small scale, hand-held and household applications for drinking water 
purification.   
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CHAPTER 7 
Continued Research: HBDTH2 and HABDTH2 
 
7.1. Introduction 
Based on research performed with marketed metal-removal reagents, new dithiol 
ligands had been designed and synthesized. The merP is a metal binding protein that 
binds Hg2+ and safely eliminates from cell by converting Hg2+ to Hg0 in the cytoplasm. 
The merP contains two cysteine units Cys-14 and Cys-17 that are essential for Hg2+ 
binding. Based on the same type of active cysteine units present in merP, dithiol ligands 
such as 2,6-pyridinediamidoethanethiol (PyDTH2) and BDTH2 had been synthesized for 
the metal removal purpose from aqueous solutions. PyDTH2 had shown mercury 
removal capacity up to 97% from 50 ppm solution when added in stoichiometric ratio. 
However, PyDTH2 is insoluble in water. Alkali salt of the ligand is required for aqueous 
mercury removal purpose.285-287  
 BDTH2 is a preeminent reagent for the complete precipitation of arsenic, mercury 
and other heavy metals from water. It is an inexpensive, efficient precipitating agent 
designed for the removal of soft heavy metals from various aqueous media like acid 
mine drainage, lead battery cycling plant wastewater and gold ore processing wastewater 
by forming insoluble precipitates. Inorganic contaminants such as Cd, Hg, Pb and As 
form strong covalent bonds with the sulfur moiety of BDTH2 to form BDT-M (M = Cd, 
Hg, Pb and As) complexes which does not release the metals back to the environment 
after disposal of the BDT-M complexes in the environment.172,174-176,180,182,183,196  
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 An acid derivative of BDTH2 (ABDTH2) has been designed and synthesized for 
immobilization on silica-support to use as filtration column packing material. Silica-
supported ABDHTH2 (SiABDTH2) have shown arsenic capture ability from aqueous 
media in both batch test and filtration column test. In batch study, SiABDTH2 captured 
100% arsenic from approximately 200 ppb aqueous arsenic solution at pH 5, 7 and 9. 
SiABDTH2 also removed 100% arsenic from water at a flow rate of 20 mL/min and 53-
69% arsenic at a flow rate of 500 mL/min in filtration column study when SiABDTH2 
was used as column packing material. 
 Though PyDTH2, BDTH2 and ABDTH2 had been used as precipitating agent for 
toxic contaminants, these are insoluble in aqueous media. As a result, ethanolic solution 
or sodium or potassium salt of ligand is required for the metal removing application 
which limits its environmental applicability. Introduction of polar functional groups into 
the molecular framework of these ligands will improve the applicability of ligands 
directly in aqueous solutions. New materials with a polar functional group incorporated 
into benzene ring of BDTH2 and ABDTH2 molecular framework will have the advantage 
of having the same toxic metal binding ability of BDTH2 as well as water solubility. 
This chapter describes the synthetic methodology of two new dithiol derivatives of 
BDTH2, 5-hydroxy-N,N'-bis(2-mercaptoethyl)isophthalamide (abbreviated as HBDTH2, 
Figure 7.1) and 2,2'-((5-hydroxyisophthaloyl)bis(azanediyl))bis(3-mercaptopropanoic 
acid) (abbreviated as HABDTH2, Figure 7.2), and their characterization. 
 
 
139 
 
NH
SH
HN
HS
O O
OH
 
(a) 
 
NH
SH
HN
HS
O O
HO
O
OH
O
OH
 
(b) 
 
Figure 7.1. Molecular structures of (a) 5-hydroxy-N,N'-bis(2-
mercaptoethyl)isophthalamide and (b) 2,2'-((5-
hydroxyisophthaloyl)bis(azanediyl))bis(3-mercaptopropanoic acid) 
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7.2. Results and Discussion 
7.2.1. HBDTH2 Synthesis and Characterization 
  HBDTH2 was synthesized from 5-hydroxyisophthalic acid in a two-step synthetic 
pathway (Scheme 7.1). The compound has a similar structural skeleton as BDTH2 with a 
hydroxyl group (OH) at meta position on benzene ring. The introduction of a hydroxyl 
group on the benzene ring increased the solubility of the compound in water which was 
evident from the synthesis method. In the first step, the carboxylic acid groups of 5-
hydroxyisophthalic acid were converted to ester by N-hydroxysuccinimide to obtain N-
succinyl ester of 5-hydroxyisophthalic acid (abbreviated as NS5HIPE) in 24% yield as 
per the reported literature.288,289 In the second step of synthesis, it was difficult to 
separate HBDTH2 from the aqueous media due to its increased solubility. The IR spectra 
of NS5HIPE showed the presence of characteristic peaks. The bands corresponding to 
phenolic OH, ester carbonyl and amide carbonyl at 3368, 1774 and 1735 cm-1, 
respectively, were observed by IR. 1H NMR signals at δ 8.09 and 7.80 ppm 
corresponded to aromatic protons, whereas signal at δ 2.90 ppm corresponded to 
methylene protons of five membered succinyl rings. In the second step, NS5HIPE was 
then reacted with cysteamine hydrochloride in dichloromethane to obtain a HBDTH2 in 
12.5% yield. The compound was characterized by proton NMR, IR and mass 
spectroscopy to confirm the synthesis of product. IR of the compound showed all the 
prominent peaks. The band at 2550 cm-1 was observed for S-H stretching which is 
similar to the thiol peak observed at 2557 cm-1 for BDTH2180,213 and 2568 cm-1 for 
ABDTH2. The carbonyl (C=O) stretching frequency observed at 1637 cm-1 indicated the 
formation of amide linkage in the molecule similar to BDTH2 and ABDTH2. The band at 
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1543 cm-1 corresponded to N-H bending in the molecule. 1H NMR of HBDTH2 in 
DMSO-d6 also confirmed the presence of thiol proton (S-H) at δ 2.42 ppm similar to 
BDTH2. The phenolic proton (O-H) and amide proton (N-H) were observed at δ 9.87 
ppm and 8.62 ppm, respectively, whereas aromatic protons were observed at δ 7.72 ppm 
and 7.35 ppm. The signals at δ 3.40 ppm and 2.63 ppm corresponded to α-methylene C-
H and β-methylene C-H, respectively. The MS showed a significant peak at 301 (m/z) 
confirming the molecular mass of HBDTH2. It was also observed that dimer (+m/z = 
599) and trimer (+m/z = 897) were also present in mixture of product suggesting the 
formation of disulfide bond. This was possibly due to the use of excess triethylamine 
during the reaction process. 
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Scheme 7.1.  Two-Step Synthesis of HBDTH2 
 
7.2.2. HABDTH2 Synthesis and Characterization 
HABDTH2 was synthesized in a three step synthetic pathway from 5-
hydroxyisophthalic acid and S-trityl-L-cysteine (Scheme 7.2). The first step of the 
synthesis pathway of HABDTH2 was similar to the initial step of HBDTH2 synthesis 
where carboxylic acid of 5-hydroxyisophthalic acid was converted to the ester using N-
hydroxysuccinimide to prepare NS5HIPE in 46% yield. The prominent peaks for 
different functional groups in NS5HIPE were observed in IR spectra. A peak for phenolic 
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O-H group was observed at 3326 cm-1. While IR bands at 3045 cm-1, 2932 cm-1, 1774 
cm-1 and 1735 cm-1 were observed for sp2 CH, sp3 CH, ester CO and amide CO, 
respectively. 1H NMR showed aromatic CH at 8.09 ppm and 7.80 ppm, and sp3 CH at 
2.90 ppm. The parent peak for NS5HIPE in mass spectra (-ESI, m/z) was observed at 
375. The characterization data indicated the synthesis of NS5HIPE. 
NS5HIPE was then reacted with S-trityl-L-cysteine in the presence of triethyl 
amine (NEt3) in the following step to prepare S-trityl-HABDT in 65% yield. Trityl group 
was used to protect the sulfur group in L-cysteine to prevent the nucleophilic reaction of 
thiol with the activated carbonyl carbon.  IR bands were observed at 3335 cm-1, 3048 cm-
1, 2943 cm-1, 1737 cm-1, 1659 cm-1 and 1523 cm-1 for phenolic OH,  sp2 CH, sp3 CH, 
carboxylic CO,  amide CO and N-H bending. 1H NMR showed aromatic proton peaks at 
7.96 ppm and 7.68 ppm. While aromatic peaks of trityl groups were found at 7.38 ppm, 
7.24 ppm and 7.18 ppm. The peak for NH bond was observed at 8.16 ppm. Mass spectra 
of S-trityl-HABDT showed different fragment of the molecule at m/z 707 
(C44H40N2O3S2), 588 (C32H30N2O5S2).  
In the final step, protection of thiol in S-trityl-HABDT was removed to obtain 
HABDTH2. S-trityl-HABDT was treated with trifluoroacetic acid in presence of 
triethylsilane to get the desired product in 61% yield. IR spectra of HABDTH2 showed 
characteristic thiol peak at 2558 cm-1. The IR peak for thiol was consistent with the thiol 
peak observed for BDTH2. Other peaks at 3347 cm-1, 3057 cm-1, 2935 cm-1, 1728 cm-1, 
1651 cm-1 and 1537 cm-1 were observed for phenolic OH, sp2 CH, sp3 CH, carboxylic 
CO, amide CO and NH bending, respectively. Proton NMR in DMSO-d6 was similar to 
BDTH2 and ABDTH2. Thiol peak was observed at 2.56 ppm, which was in close 
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agreement with BDTH2 and ABDTH2. Phenolic OH was found at 10.03 ppm. Proton 
peaks for NH, sp2 CH and sp3 CH were observed at 8.73 ppm, 7.81 ppm and 7.43 ppm, 
and 4.51 ppm, 3.01ppm and 2.86 ppm. The parent peak for HABDTH2 in mass spectra 
was at m/z 389. 
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Scheme 7.2. Synthetic pathway of HABDTH2: Step 1 - NS5HIPE; Step 2 - S-trityl-
HABDT; Step 3 - HABDTH2 
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7.3. Experimental  
7.3.1. Materials and Techniques 
All the reactions were carried out at room temperature unless the temperature was 
mentioned otherwise. The reactions were conducted in the corresponding solvents as 
mentioned in synthetic procedure. 5-Hydroxyisophthalic acid (99%, Acros Organics), N-
hyroxysuccinimide (98+%, Acros Organics), N,N'-Dicyclohexylcarbodiimide (99%, 
Alfa Aesar), 2-mercaptoethylamine hydrochloride (cysteamine hydrochloride, 98+%, 
Alfa Aesar), S-trityl-L-Cysteine (97%, Acros Organics), triethylamine (99.5%, 
Mallinckrodt Chemicals), trifluoroacetic acid (99%, Alfa Aesar) and triethylsilane (99%, 
Aldrich) were used as received. Compounds were characterized by 1H nuclear magnetic 
resonance (NMR), infrared (IR) spectroscopy and mass spectroscopy (MS). 1H NMR 
was obtained with a Varian INOVA instrument at room temperature at an operating 
frequency of 399.78 MHz with a pulse of 71.2 deg. Mass spectral data was obtained 
using a Finnigam LTQ at the University of Kentucky Mass Spectrometry Facility. IR 
data of compounds was produced using KBr pellets with a model Nicolet Avatar 370 
DTGS IR spectrophotometer manufactured by Thermo Electron Corporation and 
reported in cm-1. 
 
7.3.2. Synthesis of HBDTH2 
 A two-step synthetic method was attempted including the conversion of an 
aromatic carboxylic acid to N-succinyl ester of corresponding aromatic acid followed by 
the reaction of cysteamine hydrochloride to form an amide product similar to BDTH2 
(Scheme 7.1). In the first step, N-hyroxysuccinimide (NHS, 1.01 g, 8.80 mmol) was 
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added to a stirring solution of 5-hydroxyisophthalic acid (0.80 g, 4.39 mmol) in 
tetrahydrofuran (THF, 50 mL) at 0oC followed by the addition of N,N’-
dicyclohexylcarbodiimide (DCC, 1.91 g, 9.23 mmol) with stirring for 30 mins. Then the 
reaction mixture was stirred at room temperature for 4 h. At the end of the reaction, THF 
was removed under vacuum to obtain a white solid followed by redissolvation of solid in 
30 mL of ethyl acetate. Ethyl acetate layer was filtered to remove any undissolved solid 
and then washed with saturated NaHCO3 solution (50 mL x 2) to remove starting 
materials followed by drying over Na2SO4 and removal under vacuum to obtain a white 
solid, the N-succinyl ester of 5-hydroxyisophthalic acid (NS5HIPE, 403 mg, 24% yield). 
IR (KBr, cm-1): 3368 (phenolic OH), 2943 (aromatic CH), 2857 (methylene CH), 1774 
(acid ester CO), 1735 (N-succinyl CO); 1H NMR (DMSO-d6): 8.09 (1H, ts, aromatic 
CH), 7.80 (2H, ds, aromatic CH), 2.90 (8H, s, succinyl CH); MS (-ESI. m/z): 375 
(C16H12N2O9). 
In the next step, 0.9 mL (6.59 mmol) triethylamine in CH2Cl2 (5 mL) was slowly 
added to cysteamine hydrochloride (243 mg, 2.14 mmol) in CH2Cl2 (10 mL) with stirring 
until solid was dissolved in solution. NS5HIPE (400 mg, 1.06 mmol) from the first step 
was also dissolved in CH2Cl2 (15 mL) before being added drop wise to the stirring 
solution. The resulting solution was stirred for 24 h. The CH2Cl2 solution was then 
washed with dilute HCl (5% v/v, 30 mLx2) and dried over Na2SO4 before removal under 
vacuum to leave behind a white solid that was characterized by 1H NMR to be the 
starting material. The combined aqueous layer from CH2Cl2 wash was then extracted with 
ethyl acetate (25 mL). Ethyl acetate was dried over Na2SO4 and removed under vacuum 
to obtain 40 mg of solid (12.5% yield). The solid was characterized by 1H NMR, IR and 
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mass spectra to be HBDTH2. Mp: 120-124oC; IR (KBr, cm-1): 3337 (phenolic OH and 
amide NH), 3061 (aromatic CH), 2933 (methylene CH), 2550 (SH), 1637 (amide CO), 
1543 (N-H bending); 1H NMR (DMSO-d6, ppm): 9.87 (1H, s, phenolic OH), 8.62 (1H, t, 
NH), 7.72 (1H, ts, aromatic CH), 7.35 (2H, ds, aromatic CH), 3.40 (4H, q, α-methylene 
CH), 2.63 (4H, q, β-methylene CH), 2.42 (2H, t, SH); Mass spectra (ESI+, m/z): 301 
(C12H16N2O2S2, monomer), 599 (C24H30N4O4S4, dimer), 897 (C36H44N6O6S6, trimer). 
 
7.3.3. Synthesis of HABDTH2 
A three step synthetic pathway as shown in Scheme 7.2 was followed for the 
synthesis of HABDTH2. The first step was the conversion of 5-hydroxyisophthalic acid 
to N-succinyl ester followed by reaction of S-trityl-L-cysteine with an active ester in the 
second step to give S-trityl-HABDT. In the final step, S-trityl-HABDT was treated with 
trifluoroacetic acid and triethylsilane to obtaine HABDTH2.  
 
Step 1 (NS5HIPE): NHS (5.26 g, 43.4 mmol) was added to a stirring solution of 5-
hydroxyisophthalic acid (3.95 g, 21.7 mmol) in THF (100 mL) at 0oC followed by the 
addition of N,N’-dicyclohexylcarbodiimide (DCC, 11.0 g, 53.4 mmol) with stirring for 
30 mins. Then the reaction mixture was stirred at room temperature for 4 h. At the end of 
the reaction, solid was removed by filtration before THF was removed under vacuum to 
obtain a white solid followed by redissolvation of solid in 50 mL of ethyl acetate. Ethyl 
acetate layer was filtered to remove any undissolved solid and washed with saturated 
NaHCO3 solution (50 mL x 2) to remove starting materials followed by drying over 
Na2SO4 and removal under vacuum to obtain white solid as the N-succinyl ester of 5-
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hydroxyisophthalic acid (NS5HIPE, 3.75 g, 46%  yield). IR (KBr, cm-1): 3326 (phenolic 
OH), 3045 (aromatic CH), 2932 (methylene CH), 1774 (acid ester CO), 1735 (N-succinyl 
CO); 1H NMR (DMSO-d6): 8.09 (1H, ts, aromatic CH), 7.80 (2H, ds, aromatic CH), 2.90 
(8H, s, succinyl CH); MS (-ESI. m/z): 375 (C16H12N2O9). 
 
Step 2 (S-trityl-HABDT): NS5HIPE (940.1 mg, 2.5 mmol) was stirred in 50 mL of 
dimethylformamide (DMF) followed by addition of NEt3 (1.5 mL, 11.1 mmol) to the 
stirring solution drop wise. After complete addition of triethyl amine, solution was stirred 
for 10 min before addition of S-trityl-L-cysteine (1.9 g, 5.2 mmol) followed by stirring 
for 20 h under N2. After 20 h, the reaction solution was added drop wise to 25% HCl (300 
mL) resulting in immediate formation of precipitate. Solid was then collected through 
filtration, washed with DI water (200 mL) and dried in vacuum to obtain 1.41 g of apale 
white powder (65% yield). Mp: 135-138oC; IR: (KBr, cm-1): 3335 (phenolic OH), 3048 
(aromatic CH), 2943 (methylene CH), 1737 (carboxylic CO), 1659 (amide CO), 1523 (N-
H bending); 1H NMR (CD3OD): 8.16 (d, 2H, NH), 7.96 (s, 1H, aromatic CH), 7.68 (s, 
2H, aromatic CH), 7.38 (d, 6H, trityl CH), 7.24 (t, 6H, trityl CH), 7.18 (t, 3H, trityl CH), 
4.50 (m, 2H, methylene CH), 3.15 (m, 2H, methylene CH); MS (+ESI, m/z): 707 
(C44H40N2O3S2), 588 (C32H30N2O5S2). 
 
Step 3 (HABDTH2): In the final step, S-trityl-HABDT (1 g, 1.14 mmol) was stirred in 
12 mL trifluoroacetic acid for 3 hr followed by addition of triethylsilane (0.8 mL) to the 
stirring solution with further stirring for another 30 mins. A white precipitate appeared. 
After 30 mins, solvent and volatilities were removed under vacuum followed by thorough 
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washing with diethyl ether (20 mL x3). The solid formed was further dried in vacuum to 
obtain 0.27 g of desired product (61% yield). Mp: 84-86oC; IR (KBr, cm-1): 3347 
(phenolic OH), 3057 (aromatic CH), 2935 (methylene CH), 2558 (SH), 1728 (carboxylic 
CO), 1651 (amide CO), 1537 (N-H bending); 1H NMR (DMSO-d6): 10.03 (s, 1H, OH), 
8.73 (d, 2H, NH), 7.81 (s, 1H, aromatic CH), 7.43 (s, 2H, aromatic CH), 4.51 (m, 2H, 
methylene CH), 3.01 (m, 1H, methylene CH), 2.86 (m, 1H, methylene CH), 2.56 (t, 2H, 
SH); MS (+ESI, m/z): 389 (C14H16N2O7S2)  
 
7.4. Conclusion 
New dithiol ligands, HBDTH2 and HABDTH2, were synthesized and 
characterized. Both the compounds showed the characteristic thiol peak in IR and 1H 
NMR which is similar to the thiol peak in BDTH2 and ABDTH2. HBDTH2 was 
synthesized in two steps with a yield of 12.5%. From the current synthetic pathway of 
HBDTH2, it can be concluded that HBDTH2 can be synthesized though significant 
modifications and improvements are required to increase the percent yield of the 
product. A three step synthetic methodology was carried out to obtain HABDTH2, which 
had a 61% yield at the end of the reaction. Further studies are required to use HBDTH2 
and HABDTH2 for heavy metal removal from aqueous solutions and various 
wastewaters. These compounds can also be applied on the surface of s quartz crystal to 
monitor the concentration of various heavy metals in solution in real time which again 
requires extensive studies in the future.    
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CHAPTER 8 
Conclusions and Future Direction 
 
8.1. Conclusions 
The current work has demonstrated the proof of concept of the design and 
synthesis of an acid derivative of BDTH2 (ABDTH2) followed by immobilization of new 
dithiol ligands on a solid-support for application as filtration column material for removal 
of As(III) from water. This thesis work has also demonstrated the synthesis of water 
soluble dithiol ligands HBDTH2 and HABDTH2 for removal of heavy metals and 
metalloids such as Hg, Cd, Pb and As. 
Previous studies have demonstrated that BDTH2 is an excellent dithiol compound 
for binding and removal of soft, divalent metals including Pb(II), Cd(II), Cu(II), Mn(II), 
Zn(II), Fe(II) and Hg(II) from ground water, coal refuse, gold ore, lead battery recycling 
plant wastewater and contaminated soils. Arsenic is another toxic, environmental 
contaminant that binds with BDTH2. Batch studies at environmental pH showed that 
arsenate did not bind with BDTH2, whereas arsenite did bind with it. This makes BDTH2 
an excellent binding agent for removing As(III) from water. Arsenite is the more toxic 
form of arsenic present in water than arsenate. However, BDTH2 is not soluble in water. 
As a result, in previous studies BDTH2 has been applied as either a sodium or potassium 
metallated salt in water or ethanolic solution of BDTH2 for removal of different metals. 
This is effective in batch remediation followed by filtration for large scale industrial 
effluents and environmental waters with a high concentration of dissolved metals. The 
application of BDTH2 as a low cost, portable, lightweight column in homes and arsenic 
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affected areas of developing countries, where large water treatment systems and cost of 
remediation technologies are issues, is an effective/viable solution only if covalent bond 
formation between the solid ligand and the species of interest could be achieved quickly 
enough in a flow scenario. Previous studies using suspension of BDTH2 with sand and 
ZVI have shown arsenic capture ability in filtration column scenario. However the 
leaching of BDTH2 and iron from filtration column in the effluent remained an issue in 
the viability of the column.    
In the current study, ABDTH2 was synthesized from isophthaloyl chloride and L-
cysteine for immobilization on silica for application/use as filtration column material. 
ABDTH2 showed characteristic a thiol peak at 2568 cm-1 in IR and at 2.60 ppm in 1H 
NMR which was similar to thiol compounds. ABDTH2 was shown to form a covalent 
bond with As(III) when an ethanolic solution of ABDTH2 was applied to an aqueous 
solution of As(III). The absence of a thiol peak in ABDT-As(III) was observed in IR and 
1H NMR. XAFS studies indicated that As(III) was bonded with three sulfur atoms in 
ABDT-As(III). The average bond length of As-S was 2.26 Å which was consistent with 
other As-S bonds reported in literature. 
Silica-supported ABDTH2 (SiABDTH2) was synthesized by modifying the silica 
surfaces with γ-aminopropyltriethoxysilane followed by immobilization of ABDTH2 on 
the modified silica. Thermogravimetric analysis of SiABDTH2 showed high 
decomposition temperature of organic content suggesting the immobilization of ABDTH2 
on silica support. ICP-OES analysis of SiABDTH2 showed the loading of ABDTH2 on 
solid-support in the range of 0.114 – 0.373 mmol/g with various batches of SiABDTH2 
preparation. Batch studies of As(III) removal using SiABDTH2 indicated 100% capture 
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of As(III) from approximately 200 ppb aqueous arsenic solutions with application of as 
low as 0.2 g of SiABDTH2 at pH 5, 7 and 9. As(III) removal capacity of SiABDTH2 
increased with increase in contact time between SiABDTH2 and As(III) in solution at 
different pH’s values. A time dependent study showed 92% - 100% As(III) removal 
within 5 h of application of 0.6 g of SiABDTH2. The bonding environment of As(III) on 
SiABDT-As(III) was determined by XAFS. The K-edge value of As(III) was 11866 eV 
which was similar to the arsenic K-edge in As2S3. The As-S bond distance in SiABDT-
As(III) was 2.26 Å that was also observed in ABDT-As(III). However, 16% -29% of 
arsenic leached out of SiABDT-As(III) and leaching percentage remained same over 
several weeks. 
SiABDTH2 also showed Hg capture ability from aqueous solutions at pH 5, 7 and 
9. The percentage of Hg removal increased with increasing amount of SiABDTH2. The 
binding energy of Hg 4f7/2 and 4f5/2 was observed at 100.8 (1.5) and 104.8 (1.6) eV by 
XPS studies of SiABDT-Hg. The binding energy of S changed from 169.8 (3.5) to 163.4 
(2.2) eV upon binding with  mercury to thiol in SiABDT-Hg. Leaching studies of 
SiABDT-Hg showed 1.47% -3.67% of Hg leaching over several weeks.     
As a proof of concept, SiABDTH2 has been used as a filtration column material to 
test the applicability of the material. Filtration columns prepared from SiABDTH2 were 
tested at water flow rates of 20 mL/min and 500 mL/min. At a flow rate of 20 mL/min, 
100% arsenic removal was observed in effluent from approximately 200 ppb arsenic 
solution. However at a high flow rate of 500 mL/min, 53.7% of arsenic was captured at 
the beginning but with time the percentage of arsenic capture increased to 69.1% after 27 
L of water had passed through the column. Arsenic leaching studies of SiABDT-As(III) 
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material from the filtration column indicated insignificant arsenic leaching, which 
suggested covalent binding of arsenic with thiol.  
In the current work, water soluble dithiol ligands, HBDTH2 and HABDTH2, 
similar to BDTH2 molecular framework were also designed and synthesized. Polar 
groups were introduced into the BDTH2 molecular framework. The new dithiol 
compounds thus will have the same metal binding capability of BDTH2 but with an 
increase in the applicability of ligand in aqueous solutions without to the use of 
metallated salt or ethanolic solutions.  
The important outcome of current study is that SiABDTH2 can be used as an 
alternative adsorbent for soft heavy metals and metalloids such as Hg, Cd, Pb and As. 
Adsorption of these metals on SiABDTH2 occurs through reaction between metals and 
sulfur of ABDTH2 units. Solid state NMR, Raman spectroscopy study can further be 
carried out on SiABDT-As(III) compound to confirm the formation of As(III) bound 
sulfur on SiABDT-As(III). Laboratory and field study of As(III) removal in presence of 
various competing ions is required before commercialization of the material.  
 
8.2. Future Direction 
The current work demonstrated the “proof of concept” concerning the design and 
synthesis of ABDTH2, immobilization of ABDTH2 on silica, demonstration of 
SiABDTH2 as a  filtration column material to remove As(III)  and synthesis of new 
dithiol ligands. Preliminary work had shown that ABDTH2 bonded with As(III) through 
the formation of a As-S bond. SiABDTH2 was shown to capture As(III) both in batch 
studies and filtration column studies. However study indicated the leaching of certain 
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percentage of arsenic in water. Extensive study is required to find out the interactions 
possible between ABDTH2 and water. Optimization of the synthesis of SiABDTH2 is also 
required to improve ABDTH2 loading on a silica support. Studies are required to 
optimize As(III) capture ability with optimum water flow rate through the filtration 
column. The effect of competing ions present in water on the removal of arsenic by 
SiABDTH2 also needs to be studied. Field tests of the filtration column are also necessary 
for successful commercialization of SiABDTH2 as a filtration column material.  Further 
studies are required on the applicability of HBDTH2 and HABDTH2 as soft, heavy metal 
binding and removal agents. Due to increased solubility in water, these dithiol ligands 
can be applied directly as metal remediation compounds without having to use ethanolic 
or metallated salt of ligands. 
The proof of concept described in the current work can further be used in the 
development of a quartz crystal microbalance (QCM) sensor to identify and determine 
the concentration of contaminants in water in real time. The surface of gold crystal on 
QCM can be modified with silica, which can be further modified with amionoalkylsilane 
reagent followed by immobilization of ABDTH2 on the surface. ABDTH2 modified QCM 
can then be connected to the hand-held display unit that will determine the concentration 
of contaminants in real time. When metal binds with thiol groups on QCM surface, the 
change in oscillation frequency will be recorded on binding of ABDTH2 on the QCM 
surface with metal, due to the change in the mass on the surface of the QCM. 
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